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EX ECUTIVE SUMMARY 


: .* nn« ■■■Hi ■ *air ■*"•*4 dU* * if H f £i- r *•' - ” ■ * * * 1 

Thl* report presents ths results of design studlss of 
continuous ly vititbU f*tio trwisiiiloni (CVT) featuring 
con* end roller traction •Wmenti end coa^utsrltsdcontrols . 

• - ~m i — ■ m— — r~- ■ > y«w¥r»Hii 
, Thl* work wee pert of the Electric end Hybrid Vehicle 
Proeraa of th* U.S. Department of Energy. It wee performed 
under contract DEN 3-115 end managed by the Bearing, Gearing, 
and Tranaal salon Section of the NASA^ew^^Reseercn^ Center. 

* A computer controlled traction drive CVT embodying 
traction cone* and rollers In a regenerative path eplcyclic 
gear 

& Detailed assessment of cone-roller Traction CVT suit- 
ability to the electrical vehicle application vaa made. *» 
Vehicle configurations Included.* 1) flyvl .*1 energy Jt^rage 
system driving through the CVT to an electric motor Into the 
vehicle differential; 2) electric P°^°T 

CVT Into the differential; and 3) hybrid X.C. engine driving 
through th* CVT with CVT and electric motor Input Into the 

dlfferefttla^^tSe^^lguxeslJthiwugh^Ji^pages^tte 7). 

/.* Th* computer controlled regenerative traction unit 
controls th* epeed of the ring gear in th* eplcyclic «•“ 
differential. The traction unit consist* of a cromnedrolUr 
and four cones. The roller, driven by the center shaft 
through a recirculating ball spline, drive* the traction 
cones. The center shaft also drive* the sun gear of the 
eplcyclic gear differential (Figure 4, 5 and 8. page* lb. 17 
and 18.) " 


Speed variation of the output shaft 1* accomplished by 

F . .. *-»«- .i — , t h € cones, thus 

n turn, varying the 


moving the traction roller axially along th* cone*, thus 
varying the cone rotational speed and, in turn, 
ring gear epeed relative to the sun gear epeed. 


. ^ ^ 0 - — — 

Power from a flywheel la transmitted through an Input 
eplcyclic reduction atag* to the center shaft. The «ag 
gear of the Input reduction unit la controlled by a modulating 
clutch. Th* clutch allows de-coupling oftheflywheelat 
flywheel speeds below minimum (less than 14000 to 

de-couple the flywheel at output shaft speeds below 850 MM 
and ravers* output apaada. 

Th* computer control system maintains optimum traction, 
speed, and power for all operating conditions via traction 
slip monitoring and slip control feedback . Continuous 
sampling of system parameters (cone and roller speed, zero 
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•lip ratio setting, cant pi* ten pressure, Input speed, - 
accelerator ptdtl position, brake pedal pressure, provides 
continuous control system updating. Optimum traction *• 
control provides maximum component Hie, minimum power drain 
from the batteries, and maximum vehicle range and performance* 

. : ~ ~ mttu ^^nrrmrrrm 1 -i ir ~rn ^ 

Study results indicate an overall operating efficiency 
of the regenerative CYT as 91,51 for the mean power condition, 
16KW (22HP) and 3,000 Rpm output. Calculated efficiency 
ranged from 92. U at 15KW (20HP), 14,000 Rpm in, 3,000 Rpm 
out, to 76.64X at wheel slip "Torque Limit* of 39.8KW (53.4 
UP) with 28,000 Rpm Input and 850 Rpm output. (See Appendix 
B, page 79). 

• * ’ • 'mi ; » ••• s :k t - -<£>'*. Al ■ 1 - * - "* * 

Based on the design and analysis results obtained, the 
computer controlled traction CVT 1 e as presented herein meets 
or exceeds ail requirements set forth in the design criteria. 
Further, a scalability analysis indicates the basic concept 
to be .applicable to lover and higher power unite, with upward 
acallPR for increased power designs being more readily 
accomplished. 

The present study specifically addreaaea: 

- Efficiency 

- Size and weight 

- Reliability 

- Noise 

- Controls . 

- Maintainability 


. . : .Jbii * t $ !£*• •* ' * ; v i * : ‘ 4 -v 

of a traction regenerative configuration. The objective of 
this study is to design a traction CVT vhlch meets or exceeds 
all the design specifications snd operating requirements 
established In the contract. Analytical substantiation of 
traction elements, bearings, and gear stresses and life will 
also be investigated for the design. Structural alternatives 
are presented for prospective problem areas and trada-off 
considerations made. 

- Weight: Approximately 34 Kg (75 lbs) for 75 KW (100 HP) 

- Production Cost: Estimated at $330.00 
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As s fuel efficient iltimtlvi to the reciprocating 
engine driven vehicle, the electric vehicle (E,V.) has been 
recognised end is being developed. Considerable E.V. ■*«*• 
investigations have been performed through analysis , subsystem 
development testing, end vehicle service evaluation. **• - ■ 
Combinations of hybrid power plant, energy storage flywheel, 
variable ratio transmission, and vahlcle/motor control systems 
are being investigated for the purpose of devising a viable 


are being Investigated 
electric vehicle. 




< The purpose of the present study is to contribute to 
the mechanical transmission subsystem technology for the 
electric vehicle. * The study covers analysis and design of a 
continuously variable traction transmission (CVT) which 
accepts input from an energy storage flywheel and provides 
variable speed drive continuity to the electric motor. Two 
alternative approaches which utilize the CVT are pure electric 
and hybrid reciprocating/ elec trie drives. ; -t. ^ . 


" It has long bean recognlzad that the E.Y. could most 
effectively utilize, the CVT to achieve maximal performance. 
The innate ability of the CVT to allow the drive motor to 
operate at optimum speed end minimize battery drain strongly 
suggests justification for intensive study and development 
of the CVT. A government sponsored study concluded tnat the 
CVT with flywheel was necessary to make the electric postal 
jeep meet minimum satisfactory performance. Without the 
CVT the vehicle could not perform satisfactorily for most 
terrains . 




PROGRAM SCOPE 



1 The scope of the program encompasses the dtslgr of 
CVT of reasonable lira, weight, and coat to provide an 
effective and reliable means of controlling and utilising 
power augmentation of an energy storage flywheel in an 
electric vehicle. The CVT must accept power output fro-* the 
flywheel at any epeed between 14,000 RPM and 28,000 RPM and 
provide output shaft pover at any speed between 850 RPM and 
5,000 RPM. De-coupling must be sccoopllahed for output 
shaft speeds below 850 RPM, and reverse. An alternative to 
de -coupling Is a CVT design which provides neutral and raverae 
(effectively an 1VT, infinitely variable transmission) , 

Figure 1, page 5. 

Alternative applications are the pure electric and hybrid 
electric vehicles as daplcted in Figures 2 and 3, pages 6 
and 7, respectively. 
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APPROACH 
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The approach taken herein vaa to perform the dealen 

ment y of h oo«5?Ki t ®? at v V 'i l * y0U j* C0nCurrent with an aaaeaa- 
tee *J n6lo *y advancement* required to aupport 

atatemenF'or w*K* tUdy lm P 1 * ment,<1 through the following 


A. Taek 1 




gMlgn Study of a CVT for PI wh^tl Application 


*? engineering dealgtT etudy^and perform^ the 
ntC6iiiry tnilyiii to determine tho optimum Arrangement of 
?w5°?ff!' uou,1 y variable ipeed tr anemia* Ion (CVT) to couple 
thi ilifL*?**? 0u ^P ut •haft of an energy a tor age flyvheel to 
the drlwe train of an electric vehicle aa thorn In figure 1 , 
PfS* Th* CVT shall b# comprised of the viriibU loeed 
2g“* c tp *!^r with any ancillary SlehanUa*! cSjo^ntJ, 

® a * ? lutc he» ot gear aeta, which are required 
to eatiafy the requirement* apacified beiov. ^ 


DESIGN REQUIREMENTS 


v/ 


r *iwifem*nt*. baaed on a repreaen* 
8MSI: *hall 8 apply^ Vtti8ht ° f l7C0 1Cll0 « r *“ 1 


t;<>n!hf» a &!£ ff* 1 ? ?f *h« CVT ahall be continuoualy con- 
trollable over ihe^fol loving range of input and output apeedt: 


High apeed (flyvheel output ehaft), 14,000 to 28,000 RPM. 


Low apeed (differential Input ahaft), aero to J000 RPM. 

■* * "• k*4» fc ”'*— Mtfb >.. i f „«• «« i . 

^ P^poa.dCVT tVbe ccn. 


<* own td * ir0 ou *put speed, then the CVT 
he dealgned to be continuoualy controllable down to a 

ttinlimm A naa4 «a» *a avaaaJ 1 1 A ne-i/ . _ a ... * .7 vv * 


, i — T *0***" ** >vu»iiiuwua a / v VII _ _ 

minimum apeed not to exceed 8J0 RPM and a variable apeed 
lnput h *peed*to aero 1 ** incorporated to regulate differential 


2. 


The CVT ahall provide forward vehicle apeed only, tlnee 
r *vera« may be accompllahed by reverting electric motor 

oe accompllahed within the CVT 


rotation, uni# a a revere* can v 
without additional complexity. 


)• Dlaengagement of the flyvheel from the drive train ahall 
be accompllahed with the CVT or with a clutch, If required/ 


r.r- 
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4* The CYT shall be capable of withstanding all suddan shock 
loada and auddan torque condition# that nay be expected in 
typical automotive application*. 

5. The CVT shall be capable of bi-directional power flow at 
the above power rating* for regenerative braking and for 
charging of the flywheel with the electric motor. 


The operating power and life requirement* for the trans- 
mission as stipulated aret 

1. Mean output power - 16 KW <22 HP) 

2. Mean output speed * 5,000 RPM 

3. Mean input speed - 21,000 RPM 

4. Life at mean conditions - 2,600 hour* at 90% 
survlviabllity. 

5. Maximum output speed - 5,000 RPM 

6. Maximum input speed * 28,000 RPM 

Minimum output speed • 850 RPM (clutched to taro) 

$. Minimum input speed * 14,000 RPM 
In addition, tha following operating parametere at* conaldaradi 

1. Maximum uatabla an.rgy froc flywheel - 1.® MJ 
(1.5 KWH) 

2. Maximum CVT tranalant power output - 25 KW (100 HP) 
for 5 aac. 

3 Maximum CVT torque output at wheel alip * ®50 N-a 
(330 ft. lb.) 

4. Maximum time from maximum to minimum reduction ratio, 
or vlca varaa, 2 aaconda. 


DESIGH CRITERIA 


ponanta 
order * 


Tha deeltn of tha CVT and eiiodeted. drive com 

ehall be on 


.. ...... ... the beeU of the following criteria in 

oi overall Importance i 


1. Efficiency • Tha trenemlialcn 
over ita entire operating apaetrum. 


hall have high efficiency 
Special attention ehall 
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be slven^o’ maximizing tranamiaalon efficiency under thoa* 
operating condition* In which the tranamiaalon apenda moat 
of It* operating *ln*> ffi gjjjfci i&a ujc 


2 Cost ^~The" future production cost of the transmits ion, 
on a large acale baala (100,000 unit* per year) , shall be 
w early conalderatlon. The uae of apaclal manufacturing 
proceaaea and material* ahall be avoided. ** c j*i2« 1 

aa well aa drive .yatem component.^uch aa beerlnga, gear*, 
and seals, shall oe typical wi, •**« **---* 

motlve practlce^ ^ eii* 14 -. ^ » « 

l Site and Weight - The Overall alt* and weight of the 
CVT including suitable controls and all ancillary mechanical 
Sonata, M not be algniflcantly greater than preaent 
automotive transmits ion of equal horsepower capacity. 

4. Reliability- The tranamiaalon. Including 
ayatema (1.*.. coollna and control*), 

operate a minimum of 2600 hour* at the condition* apeclflad 
In the dcalgn raqulre mentt.^^ # 

5. Noise ^ An Important conalderatlon In the early *teg** 
of daalgn ahall be to eliminate potential no..ee 
aource* 8 and to contain (within the tranamiaalon houetng) 
that nolaa which la unavoidably 

6. * i Control**^The control ayatem uaed to operate *|je trana- 

The control ayatam aelected ahall closely tu * 

scale ayatam required for actual vehlcla application. 

1 Maintainability - The tranamiaalon ahall he da* lent d 
with maintainability equal to, or batter than, the maintain* 

occaalonal replacement ahall b# mad# raadlly acceaaioie. 

g, Taak II • Identification of R aaulrad Technology Advance- 
ment* 

identify all technology advancement* required to develop 
the *«leeted y cvT to the point of aatlafylng the deeign require- 
ment* and criteria of Taak I. 

fiaflna th* nature of the required advancement, define 
the dlffuSlty of thi probleme. end eetlmete the mean* end 
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effort required to eolve the problems. Areas of technology 
considered shell Include, but ehell not be limited to. 
meter lei. . lubrleente , bearings .seels , gea re. contr ols . end 
other »ubsy st ems or aodulss 

C Task III * Determ ination of CVT Concep t Suitability for 
C - ?l*rer£ets Electric end Hybrid Vehlcle^pllce t Tonr 

if- Determine” the suitability of the concept cftheCVT 
designed In Task I for the alternate electric and hybrid 
vehicle applications specified below. This task 
limited to the identification of: (1) the dl f *??•"*•* i n 

arrangement, site, ratio, or other deslgnvarlablae ,a 
(2) any additional new technology required to ‘PP 1 ? *“* CVT 
concept to each alternate application. Perform only the 
preliminary design analysis necessary to Identify In a broad, 
general sense, the above differences and «ot perform ‘Pjclflc 
design analyses or prepare layout drawings for these al.emate 
applications. 

Electric Vehicle Powered by Electri c Motor Only 

Determine the suitability of the CVT concept of Task I 
to match an electric motor to the drive train * riiu« 

vehicle (without flywheel energy storage) as shown In figure 
2. psge 6. 


Design Requirements 


1. The speed ratio of the CVT shall be continuously 
controllable over the following range of Input and output 

speeds: 


High speed (motor output shaft), *ero to 6000 WM 
Low speed (differential Input shaft), aero to 3000 RPM 


2, All other requirements shall epplf 
specifically referring to the flywheel storage device which 
are deleted for this application. 


Design Criteria 

All criteria stated In Task I shall apply to this 
alternate application. 

Hybrid Electric Vehicle With An In ternal Combustion Engine 
Determine the suitability of the CVT concept of Task 1 
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to match an Intamal combustion angina to thedri ve train of 
a hybrid alactrlc vehicle M shown In Figure 3, page 7. 

Design Requirement* ’ v ' [ 

1. Theapeed ratio of the CVT shall be continuously 
controllable auch that the output apead shell range from 
aero to 3000 RPM with the Input apead and power requirements 
according to the specified engine operating schedule. 

2. The CVT ahall provide forward, reverse, neutral, 
and at*reat vehicle operation with single lever operation. 

r . • >,> ..... ? ■ , . r . » •- * ** ‘ 

3. All other requlramenta, as stated In Task t, Shall 
apply, «*cept those specifically referring to the flywheel 
storage device which are deleted from this application. 


t i 'iW-t , \ ?■ 

scalability of Selected C VT With Flywheel Ener 

" * ioifnun <hitOUt TOTCUeS 


Storage for 




4i‘* 


Determine the suitability of the CVT concept of Task 1 
with flywheel energy storage for scaling to alternate maximum 
output torques. The design requirements and 
be the same as specified in Task 1 **£ept following 

altsmsts maximum output torques at Wheel ills }ball be 
considered. Low speed (differential {nP^> shsll be “ 

5000 MM end the CVT input epeede shall be 14,000 to 28,000 


RPM in all cssss. 


VEHICLE WEtCHT 

790 kg (1750 lbs.) 
10,000 (22,000 lbs.) 


MAXIMUM CVT OUTPUT 
(DIFFERENTIAL INPUT) TORQUE 

210 N*m (155 lb-ft) 
2,(00 M*m (1900 lb-ft) 


Task IV 


and Tschnoloay Aaaaaamant ksport 


Cuhnit a daaian report of the CVT concept together with 

capable o? meeting the required design specifications and 
criteria. 

An aattmatlon of tht steady atate efficiencies *t 7.5, 

& ew wwfcrw ,0M 
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DISCUSSION 



Transmission Description 

. The transmission is a continuously variable (CVT) 
regenerative traction drive gearbox (Figure 5* page 17) . 
Pover flows through the Input planetary assembly to the 
splined throughshaf t . The power la transmitted to the 
traction cone by the roller together with part of the 
power which la transmitted regeneratlvely from the sun 
gear of the output planetary assembly back to the roller 
shaft. The conea drive the ring gear of the output * 
planetary aaaembly through a spiral bevel-helical gear. 
The purpose of the regenerative power loop ia to expand 
the basic cone speed ratio. 


!; 


:J It may be >een in figure 6, page 18, that if tha 
output carrlar ahaft la raitrainedt rotating tha Input 
rollar ahaft turna the planetary aun gaar. . With the ■*, 
carrier stationary, tha aun caueea countar rotation of & 
the planet Idlers end couplet that rotation to tha ring 
ear. Tha ring gaar motion then tuma the conet via the 
dler, eo at to ceute It to counter rotate agalnet the w . 
roller, i It may ha aaan therefora that rollar and cone Tfc 
dlametera may bs aelacted eo that the eyetem limply rotates 
without driving the carrier. Thle point occure when the * 
ring and tun gear hava velocltlaa that art equal In magnituda 
but oppoalta In their direction end ia equivalent to neutral 
or an infintta (Input/output) Rpm ratio. Moving tha rollar 
from thle neutral position upaeta the peripheral velocity 

balancea in the eyatem and cauaea carrier output motion or 

traction in tha contact to occur, yus’ ... ^ 

Moving tha rollar toward tha minor diameter of the 

cone would cause the cone Rpm to increase to malntein the 
same peripheral velocity as the roller. The increased cone 
Rpm ta transmitted to the ring gear and thereby cauaea the 
carrier to ba driven in a reverse direction in respect to^ 
the input. The transmission studied, as shown in Figure S, 
page 17, is of this type by has gear and traction ccwonent 
diameters selected to preclude the output from reaching 
neutral at tha largest cone diameter. 


) 

i. 


u 



Jl . re Attaint, such as an external load. Is applied 
rJwUereaae -The con* Rpo deer**** produce* sheer (ellp) 

s.;s 

•ssiirtsas vsvzs srs.tyaa 

??* je#<L «f>nrU*d the maximum power transfer (optimum ^ 

a fti <war the range ot assign « 


«rniu«a enf nmunuui i-vw»* — — ' . . r* 

Slip) ”in«d o;st to 2.0% over the *«*• ®* a *5 l £ " 

verleblee. Due to the output olenetery eapenelon of cone 

« Lv;.ti “5 

J£d therefore must bs evaluated as a ran*# 1VT • fci 

^ B si:* lon 

fCVTV*. produces magnification of poysr lnt«rnallyandthi» 

£2t be considered In the design. thl* 1* *5 £ JtoO HF> oS?u t 

to )14 Ktf (424 HP) in thl» design. (A magnification m 
value of 1.2? to 

th* ovarail^efflclency'of the transmission l* Impacted 

•^‘iBKrasurs 

also anv Increase In Internal horsepower Increeees the 
heat load that swat ha dissipated by the oil cooler. So 
th^e • SSpSSd effect to efficiency loss hy using 
rcgeneretlon to expend bsslc cone retlo. 











DIM. X, Ot UN> * , 





Figure 6* Regenerative CVT 

(Less Input Reduction) 









The transmission ratio variation la accomplished by 


moving the traction roller along, and parallel to, the 
traction cones, thereby varying the rolling radius of the 
cones. The speed of the output ring gear Is therefore 
varied, which, in turn, proportionally varies the Output 
shaft. 

•- ' ■ ■?£'* V & s * " ■ 1 -*• ' «• • fc.l .. * i 

Traction forces are generated between the roller and 
cones through a normal force applied at the small end of the 
cone. The force is supplied by a hydraulic piston which 
houses a cone support bearing. The magnitude of the normal 
force Is determined by the transmission output torque 
requirement, traction coefficient ^), ratio expansion and 
operating slip. 

f* V.-.-- .« * . *> - * 

Pressure modulation to the hydraulic cylinder (which 
furnishes the cone force) Is provided by a signal from the 
computer control system. (See control sy s tea description , 

Referring to Figure 5, page 17, output from the flywheel 
powers the sun gear of the Input planetary assembly. The 
ring gear is clutched by a band brake to engage or disengage 
the flywheel. The Input planetary carrier Is attached to the 
splined through- shaft, as Is the oil pump drive gear. £*»: 

- • * fry* 

The through-shaft Is the Inner race of a recirculating 
ball spline which drives the traction roller, while allowing 
relatively free axial motion of the roller to accomplish ratio 
change. . The through-shaft also supports, and is driven by, 
the output sun gear.';; Four traction cones, driven at high 
speed by the roller, transmit power to the spiral b?vel-helical 
cluster gears which, In turn, drive the output ring gear. 


Spiral bevel gears on the Idler are necessary to turn the 

9.24° shaft angle of the cones to the centerline of the"" & 
gearbox. The helical gear teeth have a helix angle which 
produces an opposite and equal axial force to the spiral bevel 
gear axial load. This enables the use of cylindrical roller 
bearings since no thrust exists. The use of helical gears 
also reduces noise generation. The action of helical and 
spiral bevel gears with adequate spiral or helix angles is 
much smoother than straight spur gears; hence, thf operating 
noise levels are relatively much lover. 


The output planetary carrier is the transmission output 
member. With the inputs of the through- shaft to the sun gear 
and the cones to the ring gear a variable ratio Is accomplished 
to the carrier (output shaft). For normal input speed range 


of 14,000 to 28,000 RK* of the flywheel, the output speed 
range is from 850 RPM to 5,000 RFM, 
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feU; ; ^ •'*..*y*..Y 

The output shaft if de-clutched from the flyvhetl by the 
Input planetary band clutch when rero output epetd it required. 
De-ciutching is neceMtry to enable the drive wotor t° teyeree 
direction and drive the vehicle in reverse. The clutch eleo 
allow* the electric motor to propel the vehicle when the fly- 

wh,tl u not ch i r «*^^ . - ^ 

A toothed diec le mounted on the cone (or to reduce Ite 
•peed and provide greater circumference it may v e located on 
the ring gear) to provide cone apeed information ^to the ^ 
controller via a photoelectric or magnetic read head. Pul ?5* 
or square wave* are generated by the encoder read head as the 
aperature* rotate past the device. Spatial timing or f*«- . 
quency to voltage I/O processing convert* the encoder signals 
Into speed data. The aystem U insensitive to absolute 
accuracy of speed measurement because the technique employs 
speed ratios. See Figure S, page 22. 

; It is the ratio In speed indicated that Is important to 
the system, not the absolute representation of true FFM, 
or "true" ratio. This dramatically reduces the controller 
d..l 8 n r. q ulr.m«n t« J . ^ jg 

Similarly the disc mounted on the Input planetary carrier 
provides roller speed Information. From the relative 
cone-roller apeed Information, cone/roller speed ratio la 
derived by division producing 

as above, the absolute accuracy of the MSR 1* unimportant. 

What becomes' important la the ability of the cont mo Tv * 

predict an equivalent Theoretical Speed Ratio (TSR) with no 
slip, which la baaed upon the selected component geometry 
and the traction conjunction location axially. This la 
accomplished by attaching a linear transducer between the 
case and the roller carrier assembly. . . 

± , fcaUfeJfeSfcMF ' * ■ 1 ■* ••• 

TSR positional accuracy in absolute terms is not needed. 
However, correlation between TSR and the 
Is moat important because deviation between MSR and TSR 
signals represent jmctlon . 

Tract ion^c^mponen t speeds are divided t ®P r0 ^yj e 
Speed Ratio (MSR) , which is then divided by Theoretical Speed 
Ratio (TSR) to produce a X speed result. 1 ' 1 * % speed becomes 

X slip and is subtracted from a varying slip 5* fe 5 e ?f! Stiver 
rroduce X slip error. The error is integrated and the driver 
amplifier modulates the pressure control valye to regulate 
normal force in a direction to correct for slip error. For a 
more detailed discussion on the system, and # 

regarding components of producing the variable slip ** f ****) ce> 
•ee control system details in the appendix starting on page 


c< 


Output 
Kpm or 

Mph 


Theoretical 
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tn *P* ed l * provided by Traction Speed 

DlanItIrv*DowlJ fi^r 5 ****? °^ t ln accordance with the 

?i 11^5 y po ?*5 How formulation and may likewise be converted 

ratio Md P tlre b al*e th * m * tle * 1 tr,,tment including rear axle 



Rps - VC = WSSr - WRRr _ TSI(Sr) - TSOfRrlK 

0 2 Cr 2 cr U* 


Wher« K it the reduction ratio between the cone and ring. 

ed for tract! 
system (VCS). 


sp€C 2 and ? oad s P eed are not r^uired for traction 
control but may be used In the vehicle control sy 


Materials ^ _ 

- JM ®aterials which comprise the rolling elements are 

st ; e85ea ««<3/or associated failure modes. 
The prevalent failure mode is rolling-element faticue for 
vlr * ^i ly . *jj__dynjpical ' l y loaded roller and gear elements. 

• ^ r wM — i § l__ — ^ jl . 

c«^r•^i l v? e 5 r, the tMasaigaion will be fabricated from 
surface hardenable steel (eg., SAE 93100. SAE 4620) and - 

Opera tine *b ending 0 * ^l*** 1 * 88 8nd *urfaca conditions. 1 

uperatine bending and surface compressive stresses are kept 

wltl^tttt traction fittA t0 / V °i? v h * tr8Ctlon l088 * 8 «MoSieted 
wicn the traction fluid under high compressive contacts fhieh 

oitchhell^ii 1 !i ldl !} 8) ; Th * gears will be relatively fi*e 8 

on'thehcones 1 PUr desl ® ns “"P 1 for th « spiral bevtl g. »rs 

tV - ‘ *■ l' 

J»*2 rin88 ln th 5 transn >i®*ion are coamerc tally available. 
Rc 58-61? frcmvacuu,D degassed 52100 steal, heat treated to 

. yM c»inn r 5 n transmission is fabricated from vacuum- 
's*?!**?**®® steel heat treated to Rc 60-63. The roller 

rlidiiu* d i?“ et f r . 18 f lnl * h ground vith a 12.7 cm <5 inch) crown 
. Normal bearing steal heat treatment practice is 
observed in producing the roller. 

saf o?irt ar ® fabricated from premium vacuum-processed 

f U fK ^ are * a *buri*ed all over to produce a .10 
f nc b) deep case of Rc 60 hardness. The roller 
Journals, cone surfaces, and spiral bevel gear cone Journal 

6 1W RMS r * * r * flniih ® round to * surface f?nish of approximately 

The housings are cast altminum. Their simplicity sueseat* 
the use of the 3ie casting technique In their 
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lubrication System ; ; - , ; , . 

*■ *■* - «w ' ' ‘ ’ •' • • 

The lubrication system constats of an oil pump, oil 
filter, pressure modulation valve, pressure reducing valve, 
and relief valve, the distribution of oil to the pertinent 
dynamic elements is accomplished by oil transfer tubes, cast 
passages, and an oil manifold/ jet system on the roller 
oos it toner. , . 

. LA ». **-:*£■■ kt&J a A >.£• - T * M 

Oil is pumped from the sump through the filter to the 
pressure modulator valve. The oil flow Is then divided; part 
flowing to the cone loading cylinders, and part to the 
lubrication system of the gearbox. 

. - - - — - ■ - t ■ Xr L Vifasr*' 

Oil that is directed to the cone loading cylinders Is 
pressure modulated to provide a closely controlled piston 
load on the cones. The modulating signal is produced through 
the computer to maintain the required amount of normal force 
between the rollers and cones to provide optimum slip. A 
flow control valve in each cylinder allows pressure relief 
during load relaxation periods. 

Oil that flows to the pressure reducing valve Is directed 

f ' . a 4 

to the lubricating Jets and passages at 34 x 10 to 48 to 10 

• 1 , i < •" * *>• 

N/m (50 to 70 psi). Surplus oil then flows through a relief 
valve to t he sump. ^ , , 

The jet system on the roller positioner consists of a 
manifold which supplies oil to four Jets. These Jets, in turn, 
spray oil into the traction conjunction. A telescoping 
transfer piston attached at one end to the forward bearing 
support provides oil to the positioner. 

Traction 

It The instantaneous torque capacity of the traction contact 
depends on the normal load between the roller and cone, the 
lubrication traction coefficient, peripheral velocity, surface 
finish, temperature and component geometry. Figure 9, page 27 
depicts the relationship existing between roller and cone # 
traction force (proportional to torque) versus slip at constant 
normal force (proportional to control pressure). At sufficient 
roiling velocity (Vr), to form and maintain an elastohydro- 


dynamic (EHD) film thickness great enough to separate the 
contacting elements, the transmitted torque Increases rapldl 
as slip (Vr-Vc) Incr easts from zero until a peak is reached. 


This is the optimum operating slip value for the traction to 
exhibit maximum torque at the particular normal force. As can 
be seen the amount of torque that may be generated diminishes 



for values of ellp greater or lesser than the optima* value. 
Conversely, in order to generate a predetermined or definite 
amount of torcue, it is necessary to apply the depicted 
normal force (for fixed rotational speed, temperature, etc.). 
The depicted normal force Is then the minimum necessary to 
give required transmitted torque. The relationship betveen 
trsctlon and various normal forces is shown in Figure 10, 
page 28. It can he seen from the figures that traction ^ 
torque capacity dlmishes when slip is too high or too low ? 
or when normal force ia changed while operating at optimum L 
alip conditions. Therefore, if allp can be maintained at the 
optimum value for any normal force then maximum traction 
torque will he generated. | Extending this rationale to cover 
a variable torque requirement, if optimum slip can be obtained 
by varying the normal force then maximum traction may be * 
generated with minimum normal force for all values of required 
traction torque. Hlnua (-) slip is defined as insufficient 
•HP (lass than optimum) and positive (+) slip as excessive 
slip for control logic purposes. “ Referring to Figure 11, It 
can be seen that 1,112 K (250 ibf) traction may be generated 
by normal forces of 21.240 N (4.775 Ibf) at *2.8% and +6.4% 
slip. Also by 18,896 N (4,248 Ibf) at -3.5% slip and +5.2% 
slip, or 17,940 N (4,033 Ibf) at +/- 4,2% slip. - Obviously, 
any normal force greater than 17,940 N (4.033 Ibf) Is excessive 
and if more Is actually supplied to the traction components 
then an Insufficient (-) slip condition exists for the 
1,112 N (250 Ibf) traction requirement. With less normal 
force, slip becomes excessive. « Component life and horsepower 
capacity suffer for any slip/pressure conditions except optimum. 


The computer analyzes the Information and oucputs control 
information to the pressure control valve modulating the cone 
loading hydraulic system. System pressure to the cone loading 
piston Is Increased If sensed slip Is too high, so that a 
greater normal force Is Imposed which will reduce slip to the 
required value. Conversely, the pressure Is decreased. If slip 
is too low, until slip increases to the required value. The 
control system assures optimum pressure between roller and 
cones for all traction loop torque requirements. 


.LLa' 

Control System < 


f t . :A- A.:. . ", 

opponent Description ‘ 


Components comprising the control system are an analog 
or micro-processor computer (MPU), two encoder read heads, 
two toothed discs, two linear transducers, a pressure 
modulating value, two pressure transducers, and a positioner 
drive motor. (One linear transducer Is used on the accelera- 
tor, one pressure transducer Is used on the brakes, and the 
remainder of components are used for Optimized Traction 
Control (OTC) ) . See Figures 32 and 37, pages 85 and 97 
in the appendix. 
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The positioner drive do tor reversibly actuates- the lead 
screw on the roller carrier. The vehicle control system (VCS) 
delivers the required polarity and motor speed information 
to an amplifier, and then to the drive motor. - The positioner 
le moved at the rate and in the direction dictated by the 
computer. The motion of the drive motor ceases when the ratio 
is correct, as determined by the linear actuator attached 
to the accelerator or pressure on the brake, in comparison 
w true venicit speed. ^ t , 

Functionally, when the accelerator is depressed the 
ratio changes and causes the flywheel to deliver increased 
power through the CVT and hence to the rear wheels. The 
actual ratio is determined by instantaneous flywheel speed 
S4 ?^ p i^* p *!! d 4 T?? ulr f oen ^- As P° w ® r delivered to the 
TK?. C ?2? ltl0n ^? £ he tra 5 tion cones and roller will 
ketSffn j 111 manifest as an acceleration 

r oller and cones, and electronically Is an MSR 
change without comensurate TSR change. 7 



N (L3F) 
1,558 (350) 

1.33** (300) 
1,112 (250) 

690 ( 200 ) 
666 (150) 
t* 5 ( 100 ) 

222 (50) 

0 ( 0 ) 


Typical Traction Force VS Clip Curve 



SUP (#> 


Figure 9 1 
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Figure 10 t 
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' Che^ Transmission 1$ determined 

by * 8ucining V the Individual component power loMee. Each gear 
and bearing 1* analysed and the power loeaea nulttplled by 
the number of like gear* or bearings. then added together . _ 

The traction component lo»»e» are likewise added to produce 
Jhe cumulative effect of the four cone/roller contact*. Total 
power lose for varied Input and output speeds the powe r Is 
shown In Table l. page 30. Corresponding efficiencies are 
shown In Table 2. page 32. and Figure 11 through 15. page 34 
through 3 8, respec tively, 

i -^Figure 16. page39 , graphically expresses the linear 
relationship between the ratio of 

(a) to total output horsepower, and the total CVT ratio. 

Figure 17 through 21, page 40 through 44, are plots of 
total efficiency versus the total CVT ratio and the ratio of 
r ec lrculattngho«epowerjj^total^utpu^^ 

The bearings are analysed by a high speed digital computer 

which calculates bearing lives, ®P*^^" 8 ,*“***VBearin?*' 
Internal loads, kinematics, and friction losses. ■ SSSIJ& 8 _ 




tr*jagT.n»r»TiTa:»i.l . iMi.ia-isii* 


much lov er than is calculai,,. ^ 
corresponding increase In efficiency would 
lower power loss if s variable^ friction 


on* Attnoucea to the 
t o low xoaqs is lgucn «vv_* ~ 

bearings is there fore auc 

fFreflected^Krough lower power 
coefficient ware ' lit I" ~r U >1 1 llll I ftMTl HttH • 

Gear losses are determined from the gear geometry, ratio, 
and friction coefficients as presented in Reference 1. Each 
different gear mesh Is analyzed to determine the power loss 
factor then multiplied by the msnber of like meshes. Total 
power lose attributed to the gears Is then determined for each 
power condition by multiplying the gear losa factor by the 
operating power (Hp c X mV The component power lose factors 

were assumed to be constant, for a conservative^ »PP* ai ’*l; 
were used as such throughout the analysis. (Table 3, page 45). 
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REGENERATIVE CVT 
TOTAL POWER LOSS 

(INCLUDES GEARS, BEARINGS AND TRACTION ELEMENTS) 


7 ^ 


15 KW (20 
5000 


28.000 


21.000 
KH Los a 


14.000 


1.00 

.93 

.91 

*92 

.95 

.83 

1.01 

.99 

.80 

1.39 

1.24 

.95 

1.97 

1.59 

1.21 

1.89 

1.75 

1.61 

1.73 

1.64 

1.58 

1.92 

1.75 

1.62 

2*86 

2.45 

1.93 

4.06 

3.31 

2.47 


30 KW (40 HP> 



5000 

3*53 

3.62 

4000 

3.45 

3.43 

3000 

3*98 

3.70 

1500 

6.28 

5.35 

850 

8.91 

7.30 

52 KW (70 HP) 



5000 

6.63 

7.05 

4000 

6.73 

6.61 

3000 

7.68 

7.23 

1500 

12.00 

10.43 


*(39.8KW) 850 *(53.4 H?) 


17.79 (10.3)* 14.62 (7.86)* 10.65 (5.55)* 


T«bl« It •() Nh.«l slip Limit 
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HPIPf 


r 


TOTAL POWER LOSS (REGENERATIVE CVT), continued 


75 KU (100 HP) 

5000 

4000 

3000 

*(70.3KW) 1500 *(94.3 HP) 
*(39.8KW) 850 *(53.4 HP) 


I W Lose 


9.66 

9.98 

11.11 

16.73 (16.09)* 
26.46 (12.8)* 


10.52 li-54 

9.98 11-09 

10.54 11-32 

14.73 (12.86)* 13-70 (9.76)* 
21.62 ( 9.59)* 16.92 (6.85)* 


Tebl# 1« *0 Wheel Slip Unit 

Continued 
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REGENERATIVE CVT EFFICIENCY 


r? 

I 


7.5 KM (10 HP) 




* 

26.000 

21.000 

14.000 

1 N 


Percent 


t 

5000 

90.0 

90.7 

90.9 

4000 

90.8 

90.5 

91.7 

3000 

89.9 

90.1 

92.0 

1500 

86.1 

87.6 

90.5 

850 

80.3 

84.1 

87.9 

15 KW (20 HP) 




5000 

90.6 

91.3 

92.0 

4000 

91.4 

91.8 

92.1 

3000 

90.4 

91.3 

91.9 

1500 

85.7 

87.8 

90.4 

850 

79.7 

83.5 

87.7 


30 KW (40 HP) 


5000 

91.2 

91.0 

90.9 

4000 

91.4 

91.4 

91.1 

3000 

90.1 

90.8 

91.1 

1500 

84.3 

86.6 

89.3 

850 

77.7 

81.8 

86.7 

52 KW (70 HP) 




5000 

90.5 

89.9 

88.7 

4000 

90.4 

90.6 

89.4 

3000 

89.0 

89.7 

89.3 

1500 

82.9 

85.1 

87.6 

*<39.8KW) 850 *(53.4 HP) 

74.6 (80.72)* 

79.1 (85.30)* 

84.8 (89.61) 

Tabla 2s •() 

Wheel Slip Lift It 
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REGENERATIVE CVX ETFXC1ENCY (continued) 


75 KW (100 HP) 
5000 


Percent 


3000 

k *(70.3KW) 1500 *(94.3 HP) 
*(39.8KW) 850 *(53.4 HP) 


83.3 (86.14)* 85.3 (86.36)* 
73.5 (76.64)* 78.4 (82.04)* 


Table 2 i *() Wheel Slip Llatt 


• M. 


Output Kpn X 10 


Figure ill CVt Kfleltftcy At ?*5 K*. O® Mr) 





i-w-icusc* l;0 


» 1 H UlLI-l WWP— 


Kr.GtNtPATIVt CVT 
INFIT SPIED _ 

O it, coo rpr: 

X 21,000 RPR! 

A 28,000 RFX 



Culput Rpffi X 10^ 

Cvt EffleUney At 15 *» <20 «*>• 
15 


Fljvite U • 


lFMCIcKCV (>) 


priw i m ■ ' - wnw^uB Pii i wm ii mi 

\ . 

V 

i 

i nECENcRATIVE CVT • 


r 


i 

i 


i 


O I** .000 hpk 

X 21,000 KPK 
A 28.000 RPX 



Output Rpm X 10^ 

flgur* 1J i CVT fcftldtr.ey At )0 jc«r (40 Mp) 
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Efficiency YS Ratio of Recirculating Hp to 
Output Hp and Total CVT Ratio At 15 1W 
(20 Hp). 

maffiji a m 


O 23,000 RFM 



I hFCj/hFo ^ 

0 5 10 15 20 ** 50 ** 40 


figure 16 i 


Total CVT Ratio 
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Efficiency YS ratio of Recirculating Kp to 
Output Hp and lotal CYX Ratio At 30 KJ 
(l»0 Hp) > 

JlMti an: . 


O 28,000 RPK 



^ «5 1 1*5 j i'J j 3*5 4 *»»5 5 

I-. I .BCf ^ua, 


0 * 10 SO )0 M I»0 



figure 10 i 


total cvt Ratio 
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Efficiency vs Hatlo of recirculating Hp to 
Output Hp and Total CYT ratio At 75 KW 
(100 Hp). 


o 

x 

A 


28.000 HPX 

21.000 RPK 

14.000 BPM • 


with vheel slip Torque Limited. 



rigure • 


total Cvt Aatlo 
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Regenerative CVT toss Source 


Input Planetary 

Spiral Bevel - Idler 

Helical - Idler 

Output Planetary 

9.24° Cone/Roller Junction 


Cone Bearings (3 seta/cone) 
vide variance with RPM and 
roller position (radial load 
distribution) * 

Lois totals 


X Loss 

Each 

0*65 

0.81 

0.44 

0.49 

1.60 


a. 3/8.1 

6.29/12.09 


Baseline Efficiency 93.7 to 87.91 


The X loss totals are of internal horsepower. *W\ end 
wheel slip limit values producing net output efficiency over 
the operating spectrum of 76.64% to 92.1%. 


table )t 


4 $ 


The traction unit losses are determined by using the 
method shown In Reference 1 as a guide. An example calcu- 
lation Is shown In the Appendix on page 159. u Incremental 
positions df the roller along the cone (Table 4, page a?) 
for fixed flywheel Rpm (Rpm,,) to fix output RpQ_ <Rpa 0 ) - L 

1* used to Identify cone diameter* at specific transmission 
ratio point* (Tabl* 5, page 48), and from which Traction 
Patio and Cone Speed may be equated, i Theae reletlonehlpa 
are carried throughout calculation* to datermine Cone torque 
(Table 18, page 155), Cone Normal Load (Ttble 21, page iel), 
Single Cone Horaepower (Table 19, page 137), Total Cone 
Horsepower (Table 20, page 159) , and Traction Power Lost 
(Table 25, page 149) at tpeclflc output horaepower level* 
to quantify efficiency over the operating spectrum under 
given condition*. Sample calculations of theae values are 
given In the Appendix aa listed on pege 70. > -.ib. 


The contact geometry Is calculated (Appendix page 151) , 
then the spin velocity In the contact area Is determined 
(Appendix page 145). Finally, the power loss through the 
traction unit (J7/J4), reference 1) 1* determined from tabulated 
values of slip and spin parameter* (Appendix page 145 and 
164). The power loas factor Is then used to establish power 
loss In the traction unit for each power apectrum transmitted. 

The coefficient of traction was taken to be a constant 
0.07 for all calculations. Figure 22, page 49, la a 
volumetric plot of computer calculated peek traction coef- 
ficients over the operating tpectrua for the regenerative CVT 
geometry. 

Power loss* due to windage of the gear* was' ahown to be 
negligible. ** (See Appendix 0* page 112). An 5!$ t<Jr 

orO.O)? KM (0.05 HP) was added to account for lightly loaded 

roller bearing condition*. » . . . 

Study results Indicate an overall operating efficiency 
of the regenerative CVT at 91.5% for the mean P*ft5«^ ulon ' 
16KW (22HP) sftd 3,000 Rpm output. Calculated sfflcljooy 
ranged from 92.1% at 15KV (20 HP), 14.000 Rp* In. JgWO *pm 
out, to 76.64% at wheel slip "Torque Limit" of 39.6KV <**■* 
vltL 28,000 Rpm input end «0 ftpa ©utgut. Cone speed at the 
mean condition Is approximately 23,480 Rpmj roller speed is 
7,200 Rpm. The Roller Rpm equates to the output planetary Sun 
gear (Rpm,) and Is used In certain calculations. 

Rpm, * Flywheel Rpm (Rpo^) I 2.91666 • 


(See Table 32, page 168). 
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Xi, Cm (in.) 
AXIAL LOCATION 


\ 

RPK n —* 28,000 

21,000 


+ 

* • *M 

• • -4 * 4bjl 

5000 

5.62(2.213) 

3.90(1.534) 

4000 

7.06(2.781) 

5.22(2.056) 

3000 

9.02(3.550) 

7.06(2.781) 

1500 

13.65(5.375) 

11.78(4.637) 

850 

16.87(6.643) 

1504(6.038) 


14,000 


- •> ***•*. 

1 . 80 ( 0 . 710 ) 

3.62(1.142) 

4.51(1.775) 

9.02(3.550) 

12 . 85 ( 5 . 060 ) 


Table 4> 





CONE DIAMETER. Cm (In.) 


11.53 co/R„ (4.65 tn./R ) 


RPMn/2. 91666 



RP **1 \RPMa - 

* 9600 

7200 

4800 


5000 \ 

3.15(1.242) 

2.60(1.022) 

1.92(0.755) 

\ 

4000 

3.62(1.426) 

3.03(1.191) 

2.27(0.895) 

6 

3000 

4.25(1.675) 

3.62(1.426) 

2.79(1.100) 


1500 

5.76(2.266) 

5.15(2.027) 

4.25(1.675) 


850 

6.80(2.677) 

6.30(2.481) 

5.50(2.164) 


RPMQ - (.2154 R c - .2857) RPHs 
+ .2857 


TRACTION RATIO 

RPHs RFMa > RPMn/2. 91666 



PMs *■ 

9600 

7200 

4800 

50*00 

\ 

3.744 

4.550 

6.162 

4000 


3.261 

8.906 

5.195 

3000 


2.777 

3.261 

4.228 

1500 


2.052 

2.294 

2.777 

, 850 


1.737 

1.874 

2.149 



CONE 

SPEED (RPM) 


i RPK e - 

<R C ) (RTM # ) 


RPM # - RP^ / 

2.9166 - 

. mm\ 

I 0 

RPM, - 

9600 

7200 

4800 

5000 

\ 

35942 

32760 

29578 

| 4000 


31306 

28123 

24936 

3000 


26659 

23479 

20294 

, 1500 


19699 

16516 

13329 

| 850 


16675 

13493 

10315 


Table 5 i 



. * Slip 

Volume-graph of Optimum Slip for 
Santotrac 5$ at 70 °? over normal 
operating range. (Current Geometery) 

Figure 22 i 49 





Con 


A detailed review of all the elements comprlalng the 
transmission based on operating parameters and quantity per 
gearbox and a comparison to standard automotive parts was 
made. A weight and cost analyals wa a conducted for 5 makes 
of passenger car automatic transmissions in use for the past 
*°^ car ?* CcniDOn elements in the CVT uses conventional 
automotive gears and bearings, planetary assemblies, and 
housings. The weight and cost analysis (Table 6, psge 51) 
indicates a cost/pound of $5.20 to $7.40 for existing auto- 
matlc transmissions with torque converters. Clements that 
differ are torque converter, control valve body, disc ^ 
clutches, and control system in the standard automatic, and 
in the traction components and control system in the CVT. 

I£ c SHS 0 ?** 1 ? transmission is considerably more complex 
than the CVT in the areas of number of detail parts, machining 

![!3U lr ®?fc nt ^x*S d t*®e. b**ed on 100,000 units of 

«ach. .The CVT has stringent tolerance and balance requirement* 
J nd 5 h * requirement* are oa the order of 

antifriction bearing values. 


A However, all machining and processing variables necessary 
to manufacture the cones and rollers are well established. 
Tooling requirements would be no more restrictive or costly 
than for bearings or other precision components. Although 
co«t analysis has been possible (as by a bearing 
manufacturer) the processing techniques (grinding, heat treat, 
inspection) are well developed. A qualitative statement 
based on relative similarities between detail parts and 
processes in the automatic transmission and the CVT then 
would indicate a close similarity in coat per pound for each 
on a like production level basis. Based on this premise, it 
is believed that the CVT cost would be $330.00, based on a 
dry weight of 34 KC (75 lbs.). 

Weight . . „ , 

. * ? nal y* ls of the CVT produced a total 

weight of 39 KG («5 lbs). Table 7, page 52. The housings 
are cast aluminum and the planetary carriers as shown are 
forged aluminum. However, in a value analysis program for 
the gearbox, the carriers would probably be made from steel 
stampings with selective welded construction. The weight 
ana cost would be reduced for a high volume production run. 
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REGENERATIVE CYT 
TRANSMISSION COSTS 
(RETAIL, AUTOMOTIVE) 


TYPE 

COST* 

WEIGHT* 

im 

$/LB 

FORD C-4 

$ 532.85 

60.8(134) 

$ 8.76 

$3.98 

FORD C-6 

$ 562.85 

79.9(176) 

$ 7.04 

$3.20 

CM 200 

$ 829 00 

50.8(112) 

$16.32 

$7.40 

GM 300 

$ 862.00 

53.1(117) 

$16.23 

$7.37 

CM 350 

$1008.00 

65.8(145) 

$15.32 

$6.95 

CHRYLSER 
( TORQUE FLITE) 

$ 650.00 

72.2(159) 

$ 9.00 

$4.09 


*VITH TORQUE CONVERTER 

AVERAGE COST - $12. 11/KG ($5. 50/LB) 

RETAIL MARK-UP (ASSUMED) » 20% 

MANUFACTURING COST - (.8) ($12.11) - $9. 69/KG ($4. 40/LB) 

QUANTITY PRODUCTION COST OF CVT - $9. 69/KG 
FOR 34 KG (75 LB) (MAX) , COST - $330.00 


I 



ITEM 

INPUT HOUSING 
MAIN HOUSING 
OUTPUT HOUSING 
INPUT SUN GEAR 
INPUT RING GEAR 
INPUT PLANET 
INPUT CARRIER 
INPUT PLANET SHAFT 
BRAKE 

ENCODER DISC 
OIL PUMP PINION 
OIL PUMP GEAR 
PLANETARY KEY 
LEAD SCREW 
WORM GEAR 
WORM 

ROLLER POSITIONER 

ROLLER 

BALL SPINE 

PISTON 

SPRING 

SPHERICAL SLEEVE 
Table 7 


REGENERATIVE CVT 
TRANSMISSION WEIG 

WEIGHT 
L W KG 

(2.14)0.97 

(11.86)5.39 

(3.39) 1.54 
(.71)0.32 
(.89)0.40 
(.07)0.03 
(.44)0.20 
(.03)0.01 
(.28)0,13 
(.21)0.10 
(.25)0.11 
(.30)0.14 

(.004)0.0018 

(1.72)0.78 

(.05)0.02 

(.06)0.03 

(.97)0.44 

(3.40) 1.55 
(1.96)0.89 

(.17)0.08 

(.03)0.01 

(.25)0.11 
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ITEM 

WEIGHT 
(LB) XC 

QUAN- 

TITY 

TOTAL WEIGHT 
(LB) KG 

CONE 

(5.05)2.3 

4 

(20.20)9.18 

CONE NOT (ROLLER 
BRG END) 

(.05)0.02 

4 

(.20)0.09 

CONE NUT (DUPLEX 
SRC END} 

(.05)0.02 

/ 

** 

(.20)0.09 

DUPLEX LINER 

(.60)0.27 

4 

(2.40)0.11 

DUPLEX CLAMP PLATE 

(.58)0.26 

4 

(2.32)1.05 

CONE ENCODER 

(.09)0.04 

1 

(.09)0.04 

SPIRAL BEVEL PINION 

(.12)0.05 

4 

(.48)0.22 

PINION KEY 

(.01)0.0045 

4 

(.04)0.02 

IDLER 

(.43)0.20 

4 

(1.72)0.78 

IDLER SHAFT 

(.09). 041 

4 

(.36) .16 

IDLER PLATE (LEFT) 

(1.29)0.58 

1 

(1.29) .58 

IDLER PLATE (RIGHT) 

(.71)0.32 

1 

(.71) .32 

SPACER, BALL SPLINE 
SHAFT 

(.05)0.22 

l 

(.05) .22 

OUTPUT RING GEAR 

(2.04)0.93 

1 

(2.04) .93 

OUTPUT PLANET GEAR 

(.29)0.13 

4 

(1.16) .53 

OUTPUT PLANET SHAFT 

(.07)0.03 

4 

(.28) .13 

OUTPUT CARRIER 

(.70)0.32 

1 

(-70) . Ja 

OUTPUT SUN GEAR 

(.34)0.15 

1 

(.34)0.15 

OUTPUT FLANGE 

(.18)0.08 

1 

(.18)0.08 

BEARING, INPUT SUN 
DUPLEX (6904) 

(.16)0.07 

1 

(.16)0.07 

BEARING, INPUT RING 
BALL (6910) 

(.28)0.13 

1 

(.28)0.13 

BEARING, BALL SPLINE 
DUPLEX (6004) 

(.32)0.15 

1 

(.32)0.15 


Table 7 (continued) 
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ITEM 

WEIGHT 
(LB) KC 

QUAN- TOTAL WEIGHT 

TITY (LB) KC 

BEARING, ROLLER 
POSITIONER BALL 
(SPECIAL) 

(.24)0.11 

2 

(.48)0.22 

BEARING. OUTPUT RING 
BALL (6004) 

(.16)0.07 

1 

(.16)0.07 

BEARING, OUTPUT BALL 
(6004) 

(.16)0.07 

1 

(.16)0.07 

BEARING, CONE ROLLER 
(304) 

(.38)0.17 

4 

(1.52)0.69 

BEARING, CONE DUPLEX 
(7206) 

(.90)0.41 

4 

. (3.60)1.64 

BEARING, INPUT PLANET 
ROLLER (B-78) 

(.02)0.009 

3 

(.06)0.03 

BEARING, BALL SPLINE 
ROLLER (8-167, IR-128) 

(.08)0.04 

1 

(.08)0.04 

BEARING, IDLER ROLLER 
(MR- 100) 

(.02)0.009 

8 

(.16)0.07 

BEARING. OUTPUT PLANET 
ROLLER (MR- lOO) 

(.02)0.009 

8 

(.16)0.07 

OIL PUMP 

*(.50)0.23 

1 

(.50)0.23 

OIL 

(9.38)4.26 

1 

(9.38)4.26 

MISC. (NUTS, BOLTS. 
SNAP RINGS, SEALS, 
ETC.) 

*(2.00)0.91 

1 

(2.00)0.91 

^Estimated 




TOTAL TRANSMISSION HEIGHT - 
DRY WEIGHT « 

38.37KG (84.51LB) 
34.11KG (75.13LB) 

(DOES NOT INCLUDE CONTROLS, ELECTRONICS 

, OR 

FILTER) 


Table 7 (Continued) 
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Noise 

* * ' w ***» * '* '* “ ^ *■■ -■ • '*■" 

Noise generating components in the CVT are gears, 
hydr aul ic aandwindageloss^con^ 

The* gear teeth in the CVT are helical spur designs and 
spiral bevel designs vhtch are sized to have a sufficiently 
laree helix (spiral) angle to yield a high (> 2.0) total 
contact ratio. Helical action at the peginning and end or 
action of the conjugate teeth Is nxich Quieter than for 
straight spur gears. Gear tooth modifications of lead and 
profile also are used to assure smooth action. The gear 
teeth are lightly loaded so modifications will be small. By 
virtue of the light loads and helical and spiral gear designs 
the noiae generated by the operating gears will be wcU *«J°* A 
the audible range in the vehicle. The windage losses within the 
CVT are also quite low, hence the noise level will be below 
the audible level. ; 

The noise effect of bearings and traction components 
will be much lower than for the gears. Therefore it is 
expected that the CVT will run quieter than the comparable 
automatic transmission. 

Reliability S ' . 4 ii .. 7 

“ ...... * . _ t i,.i , ... *****♦*'. sJfc,* 4 t' •- * • 

,. The CVT Is designed for 2600 hours minimum life at the 
mean condition of 16 Ktf (22 HP) out at 3000 RPM output and 
21,000 RPM input. The gear stresses at mean and maximum 

ifcfc* mL* ****!.- » n*?- 1 ^ - '*'•** - ' ' 


(12,000 psi) and 


torque are all less than 82.7 x 10 N/a 

413.7 x 10 6 N/m z (€0,000 psi),' respectively, which results 
in a virtual infinite life for the maximun stressed component. 
Similarly, the lowest life bearing is the .input planetary 
pinion roller bearing with a life of 22,960 hours at the mean 
condition (Table 8, page 57). ASME ** * ac 3 

The minimum traction element life is 2920 hours (Appendix, 
page 134), as determined by the analytical method defined in 
Reference 3. The life of the traction elements, again, 
determined at mean condition: 16 KW (22 HP) out 21,000 RJH 

in 3,000 RPM out. Stress calculations are based on an 11. o cm 
(4.65 inch) diameter roller, at 7200 RPM, with a 12.7 cm 
(5 inch) crown radius and 3,6 cm (1.426 inch) diameter cone, 
with a normal load of 2,217 n (498.5 lbs). Figure 23. page 58, 
illustrates the dramatic decrease in contact life as the power 
to the CVT is increased. Hertz stress at the traction contact 2 
point at the mean and maximum torque conditions was 1.58 x 10 N/m 

<230.480 p,l> and 2.97 x 10 9 N/m 2 (432,060 psi), respectively 
(Appendix LL, page 157). 
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• ■■■■* ' * ■ f/v 6 m /«2 

Th« respective cone bending stresses vert 38.3 x 10 W/n 

<5560 Ml) and 259.0 x iO 6 N/o 2 <37.530 psl) (Appendix 0, P»8« 
130). Figure 24, page 39, is ?| n S^f,g£P e ** p v$ outpu^™*', 


f: While fatigue life of tha dynplc element* 1* the A«n«*l 
criterion for determining gearbox longevity. It le •W? 2 * , 

neceaaary to consider sear? The element* which are ejected 
to relative sliding may produce wear and wear particles wnich 
further accelerate the tendency to wear. Gear teeth, bearing*, 
and traction elements are subject to wear, depending on the 
lubrication regime In which they operate. In all Instances 
the dynamic elements ar# operating at such a^relatWeveloclty 
as to preclude gross metal to metal contact. Each 8 * ar * 

In are serrated by a film of oil sufficiently thick to 
virtually eliminate any metallic contact. The same is true 4 
of the traction elements where the film thicknesses 


or cne traction einucnio ***- - — IT — I” I 

(39*6 in.) at the mean pover condition (Appendix KK, 

The worst condition of power loading, 75 *W (100 HP) at **0 
(330 ft-lbs) output results in a film thickness of 7.1 x 10 


% Mr* • ■>** • * ~ • * v , 

The ratio of film thickness to composite roughness In 
the traction cone and roller is h/ - 4.66 (mean) . J^cre 
will be relatively Insignificant wear associated with this 
condition. Table 9, page 60, reflects gear stresses at 
maximum and mean power conditions. 


Malntainabllit 


i Maintenance requirements /or the CVT will be mini mal. 

Due to the lack of wear exhibited by the dynamic components 
in conjunction with the variable toad mechanism for the 
cones against the roller, it is anticipated that the only 
service required after Initial run-in will consist of r.o more 

th " - ; 
t. seal leakage, the major cause of transmission removal, 

will be minimized* Th* input seal is a carbon face magnetic 
seal, operating in a veil aligned state, which adequately 
accepts the speed of the input shaft (up to 28,000 RPM). The 
output seal is a standard double lip elastomeric seal operating 
at low rubbing speed also in a well aligned condition. The 
only other seal 1 * a double lip seal on the positioner motor. 
This seal la well above the static oil level in the CVT so no 
leakage is anticipated. This seal will be splash lubricated. 
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BEARING LIVES AT WEAN CONDITION 


BEARING 

(LOCATION) 


ASHE 

LIFE~FACTOR 


(D) (E) (F) 
(REF. 5) 


L IO 

(HOURS) 


BALL, DUPLEX 
(INPUT) 

BALL, INPUT 
(RING SUPPORT) 

ROLLER 6 

(INPUT PLANETARY) 

BALL, DUPLEX 
(ROLLER SHAFT) 

ROLLER 6 

(CONE SUPPORT) 

BALL, DUPLEX 6 

(CONE SUPPORT) 

BALL, OUTPUT 
(RING SUPPORT) 

ROLLER 

(ROLLER SHAFT) 


> 10 * 


> 10 * 


22,960 


> 10 * 


23.480 


34,590 


> 10 ° 


> 10 ° 


ROLLER 

(OUTPUT PLANETARY) 
BALL 

(OUTPUT SHAFT) 


31,120 


> 10 


6 


Table 8 


COMPOSITE TKACTION CONTACT LIFJ: (X 10-> HOUKS 


' jjuiuiii 

i 

t 


FIV.VKSEL INPUT 

— zA-ttao m 



Composite Traction Contact Life VS 
Output Speed, 

Figure 23 1 5S 
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Scalability ^ 

The design requirement and criteria for scalability are 
the same as specified previously, with the exception of 

r^oS;.“:r2*o &'<»»&. <ii» 

lb £t >*,,v ■ » . ; i J. j:*££t,> 

- In reference 3 it is shown that the life of a traction^ 
conjunction varies in proportion to the sire to tb * ?'* P owe ‘ 
That is, the life increases at a very rapid rate with “X 
increases in sire.' While no aetual calculations were performed 
to verify a similar trend of capacity with size, one set' of 
calculations using a 22.9cm ( 9.8 in.* tfi* * 

7 6 cm 0.0 in.) diameter cone was used to determine _ 

capacity of the traction elements. With the | ut *® ce 
maintained the same as the baseline unit, 44.5 m/s. 

“x cones, the capacity of the traction unit was elO »f(1086 HP) 

based on 13.2 x 10 8 H/m 2 (192,300 psi) Hertz *tr«M to 
conjunction. The rotational speed of roller * nd Th* ^Uht of 
reduced to maintain the same surface velocity. The weight of 
such a unit would vary at a ellghtlyhigherrate 
square of the diameters. That is, th ®. w ® 1 S b J', o£ l ®J , 0 *" 

gearbox would vary slightly more than 0 / 4 . OS) 2 I 2 * .*!;“* * 

the 75 KW (100 HP) unit, which was designed for this study. 

.. u_ iriir- ii ‘ iiiiw'Hii.. 

Downward scalability is more difficult to ®* t **‘V ( 
by reducing the number of traction cones. In t h ® «®*® of th ® 
lower horsepower unit the rating *t|* |n ed by •isnply 
redueln* the number of cotiei from 4 to 2* Although * cr 
practical reasons it would be advantageous ‘°. r i«*i£h«ent 
unit and mdintiln a tilntmua of 3 cono* to tnAxinl** InntrAnt 
coffiponen t °stsblllty and equ.rdistrlbutlon of force, and 
stresses within the system. An a “enot to reduce the sUe 
resulted in very little actual reduction when faced * ith 
maintaining the^llfe based on surface stresses in the 
traction conjunction. 

.•ii' 

Alternate Electric Drive. 

— — r - * L ; * * 


‘.: r 4 tl* 


The electric motor input differs very ilttle from the 
flywheel input in actual function. The use of the CVT, bamg 
directly driven by the electric motor and directly driving 
the*diffatentlal, will provlda tha required performance. J*|® 
only modification to tha btile CVT shown in Figure 1 will ba 
ratio changes in tha planetary and cluster gear assemblies 
to produce the required output spaed. 





(1 








This will allow the traction portion of the transmission 
to remain virtually unchanged for the change in prime mover 
and operating speeds. The motor is allowed to operate at Its 
optimum speed for the required vehicle drive power. f The motor 
current would be monitored by the computer, with the control 
effect being to either speed up or slow down the motor, in 
conjunction with a CVT ratio change, to seek the minimum power 
drain for all conditions. Parameterlc sampling by the computer t 

would be exactly as with the flywheel Input. The CVT would > 

furnish the optimum performance for the electric motor only 
when compared to the use of stepping devices or other speed 
control means to control the motor. -In all alternate schemes 
to provide an adequate vehicle speed for all terrains (i.e., 
uphill), the motor lugs down or absorbs too high a current 
drain to function efficiently. The use of the CVT, coupled 
with the constant monitoring by the computer, eliminates the 
adverse effects of excess power drain and assures optimum 
performance, to the extent that & smaller motor could be used 
in the same vehicle end exceed the operating characteristics 
of the vehicle without the CVT. 

a *iii r * 

Alternate Hybrid-Electric Drive • , *,_.**. • 

1 — — JSs — w * ^ • siMP* 

A similar situation exists with the Internal combustion 
(l.C.) engine driving Into the CVT. i l.C. input speed would 
be required to go through a speed-up planetary assembly to 
provide proper traction component speeds. The CVT will perform 1 

the function of allowing the l.C. engine to operate at its i 

optimum BSFC for all output power requirements. The addition | 

of the electric motor to the output shaft would have no effect i 

on the actual CVT operation. The electric motor, when aug- 
menting l.C. engine power at high power operating regimes, 
would simply transfer power to the vehicle drive wheels, 

, ^ * jjafci §mm M i ' i i " r * ■■ * i i 

As previously described, the output planetsry ratio and 
cone drive Idler ratio would necessarily change in order to i 

accomplish the output operating speed rang,. The ratio could 
be changed to accomplish the reverae and neutral condition!. ; 

at required. Hovever, the efficiency at or near the neutrel i 

position suffer* due to the regenerated power In the traction 
loop. Aa an alttrnatlve, tha addition of an output planetary 
with revtralng clutches could Accomplish the range change 
without dlnlnlahlng the efficiency beyond accepted level*. 

Further, a two or more speed unit with clutch** could maintain 
th* high efficiency for most of the speed range with a minimum 
of additional complexity. While multl**peedlng add* *ome 
complexity end number of machined element* to the *ytttn the 
effect* on ov*r«U efficiency Increat, are dramatic. Sac 
Figure 10, page 02. 
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PO TENTIAL PROBLEM AREAS 

- - i. r v f k jt&t ~ > atnik**'* ' ' .... iU.« 

Certain elements and features of the CYT design present 
potential problems and require special attention. These are: 
reaction to the tanpcr.tial load on the cones (traction force) , 
deflection of the Ci /. and. the associated traction contact 
pattern skew, hydraulic control response (piston motion and 
time), ratio change rate vith the Lead screw, binding effect 
of the axial force on the positioner imposed by the lead 
screw, piston relaxation time after pressure is reduced, and 
the accuracy and response time of the encoder/ toothed disc 
monitor system. Addressing each item in sequence: 

Re action to the tangential load on the cones : f 

- .*.**•«- 4U-* 

The traction force is reacted by the cone mounting v 
bearings which are supported on the aft end by a quill In the 
transmission housing and on the forward end by the cone * 
loading plston.l This piston moves radially in plana with 


the cone/roiier contact. .The traction force generated in the 
traction conjunction causes s side load on the piston, which 
tends to bind the piston In the cylinder and prevent piston 


Integral skirt is provided on either side of the piston to 
accept the side load. £ Farther, the cast material will ba a 
low friction material, such as 4032 aluminum, containing a 
high percentage of silicon. The magnitude of the side force 
will be always less then 1780 H (400 lbs) and the relaxation 
will lag the pressure drop. This always assures a load 
sufficient to maintain operation on the negative side of the 
optimum slip point. See page 74 for an alternative design. 

Deflection of tht Conei ^ , 4 , , 

” ” — * * J . - I.* • . • * tA '■ - ih. , - 

* Sending moments Imposed on the cone by the loading system 
will cause a curved shape of the cone, distorting the contact 
pattern In the traction conjunction. The roller is crowned 
with a 12.7cm (5.0 inch) crown radius. The drop from the 
point of the crown to the edge of the toiler 1* .033 cm 
(.013 Inches) which is much greater than the deflection of 
the cone for any loading condition. The roller Li crowned 
to prevent edge loading under abnormal conditions and to 
provide an abbreviated major diameter of the contact ellipse. 
Crowning eliminates edge loading, provides reasonable contact 
elllpee dimensions, and reduces spin velocity. 


provide an abbreviated major dlame 
Crowning eliminates edge loading, 
ellipse dimensions, and reduces ep 



Hydraulic control response ; 

i jj j Bj ** * '*°jl “ ** jgji •* '■ • i»-*i i r .-» • 

Response of the hydraulic system to a computer output 
signal is determined by the modulator valve response time 
and the compliance In the hydraulic system. - The response 
time will affect the slip rate and corrective traction force 
generation. If the response time is too great the output 
torque requirement may cause uncorrectable slip in the 
traction unit* thereby causing a runaway condition. The ** 
modulator valve responds in a matter of 1-5 ms (mi Hi seconds; 
and the hydraulic system has at least the oil system 
present at all times. The pressure lines are short with thick 
wall passages. Therefore, the response time Is sufficiently 
short to allow all corrective motions of the piston to occur. 

The only feature to possibly cause a lag in the response 
motion is in the relaxing direction. The side load may be 
sufficient to prevent imnediste reduction of the load thereby 
maintaining the traction load. See page 74 for an alternative 
design. 

0 t.a * it .w< * 4. *. 

Ratio rate change with the lead screw : . 

— — * — ~ ^ , . 

The worm driven tesd screw could limit the excursion 
time of the positioner from one end of the cone to the other 
end. The requirement to traverse the length of the cone 
from maximum ratio to minimum ratio, and vice versa, is 2.0 
seconds. The Usd screw requires 6.5 turns to produce 
total excursion. * The worm-vheel ratio Is 16.5il vnicn 
require* the drive motor to rotete 107 turn* to move the 
poeltloner froe one end of the cone to l^e o i 
average speed of the motor vould then be 3210 RPM. The 
poeltloner drl\e motor 1* 5,000 JU>M reverelble d.e. motor, 
which provide* edequate margin to accomplith the excurtlon* 
time talk. , 

. J kt «# * * *■ ~ *. • ■ •*•-**«*• , 

It It recognlred that the choice of a d 5iY!L r *?Ylr* 

In considerable loee In the vom-wheel tet. The drive motor 
mutt therefore be tired toproJuce the required power for ell 
control reiponie Inputi. The axlel restraint of the roller 
et the trectlon conjunction It an unknown variable 'jhlch mult 
be evaluated cn teiti therefore the ectuei eUe of drive 
wtor Is an tmperleai fector. The worm-wheel design wee done 
to maintain tlmpllcity In concept end may require a l®"*' ? ow * r 
loss dstlgn In prototypo en<S production units* Sts psgo 7j 
for an alternative design. 

Binding effec t of the axial force on the positioner t 

Since the petitioner lead tcrev drive* ihe potltloner 
exlelly *t a contidertble rtdlal diitanee from the roller 
centerline, a bending moment 1* applied to Th * 

lead *erew and drive motor nay be unable to wlthitand the 
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... , - . .*• 

bending moment. The retult would be binding In the ecrew «t 
the positioner* In this event a second screw would be 
provided diametrically opposite the existing screw. Two 
screws thus situated would eliminate the imposed bending 
moment and apply a pure axial load to the positioner. See 
page 73 for an alternative design, 

Piston relaxation time : 2ia****fc ii li 

As previously described, the relaxation time required 
for the piston to unload the cone Is a function of piston 
side load and friction. The piston Is fitted with a flow 
control valve which serves a dual purpose; relieving the 
piston pressure to the lubricating system pressure oi 

34 x 10 N/m (50 psi) and lubricating the cone support 
bearing. In the event that the lag time between load and 
relaxation Is greater than the normal loading response time, 
the load would be maintained at a value in excess of what ia 
required which would prevent excessive slip. However, this 
is not expected. When the pressure Is relieved the loed 
vanishes, thereby relieving the piston side load. Piston 
return would follow Immediately. See page 74. 

Accuracy and response tine of the encoder/ toothed disc 
monito r system ? ' 

This Item Is addressed in the section "Detail Control 
System Description", page 84 in the Appendix, 


i 
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TECHNOLOGY ASSESSMENT 

» /' * i •• • . 

The mechanical transmission design embodies "conven- 
tional** automotive detail components; gears, bearings, 
shafting end housing. ■: The unique elements are the traction 
components. Uniqueness is only in respect to the use of 
traction to accomplish variable speed instead of a torque 
converter and multispeed transmission. The traction roller 
and cone are fabricated of conventional materials using con- 
ventional processing. No new technology is required in 

th * lf ‘ '-°£ 

Yh« traction conjunction physics are slmlltr to gear 
tooth action or ball bearing action in that rolling and 
sliding exists In .1 lubricated conjunction. The use of a 
traction fluid for a lubricant imparts a greater traction 
force In the rolling-sliding conjunction than with conven- 
tional gear lubricants. Otherwise, the contacts are quite 
similar. 

In the area of the control system, however, it was 
recessary to explore possible alternatives to the developed 
system presented herein. The use of electronic components 
that yield much higher response rates or activity rates 
was investigated. Alternates to the toothed disc and en- 
coder are proeran&ed magnetic film deposit with read head, 
digital signal generator and read head, and analog perma- 
nent magnet generator systems. While these components do 
not of themselves represent new technology, their use In 
the control system would require some development and test 
in order to be feasible. 





CONCLUSIONS AND RECOMMENDATIONS 


, fit ‘j; . . t 


f& kOi& 


i The design study has resulted In a computer controlled, 
continuously variable, transmission featuring multiple 
traction contracts, in a regenerative power. The traction 
elements are a crowned roller and four (4) cones in the 
regenerative design. ” The cones are aligned so that the cone 
axis is displaced at one half the cone angle f rom the trans- 
mission centerline. This puts the inner surfaces of the cones 
parallel to the roller axis. The roller is moved axially on 
a recirculating ball spline to affect a ratio change. Power 
is transmitted through the traction elements to an output 
planetary differential ring gear while feedback power is 
transmitted through the sun gear of the output planetary 
differential roller shaft. Traction ratio changes cause 
the output shaft speed to change. 


The CVT designs presented herein result in lightweight, 
highly efficient, cost effective transmissions to be used In 
an electric vehicle. The designs enable the use of a power 
storage flywheel in conjunction with an electric motor, with 
an electric motor. Slight modification to the basic design 
provides immediate adaptability. 

The computer control system provides exact ratio and 
speed changes to match the storage flywheel speed to the 
vehicle drivethaft speed. Power may be taken from the 
flywheel to propel the vehicle or it may be restored to 
the flywheel through braking, The flywheel may also be 
charged by the electric motor. 

Study results indicate an overall operating efficiency 
of the regenerative CVT as 91.5% for the mean power condition, 
16KV (22 HP) and 5,000 Rpm output. Calculated efficiency 
ranged from 92,1% at 15KW <20 HP), 14.000 Rpm in. J.OOO^Rpo 
out; to 76.44% at wheel alip "Torque Limit of 39.8KW (53.4 HP) 
with 28,000 Rpm input and 850 Rpm Output. 


The low weight And coat of a computer controlled traction 
CVT, coupled with its high efficiency, make it a viable 
transmission system for an electric vehicle. Those elements 
which represent relatively high risk areas have been addressed 
in detail. Any questions or potential shortcomings of the 
design capability at this point would be addressed during test 
and demonstration. 

it is recomnended that a foliow-on program to conduct a 
detail design, fabrication and test program be conducted on 
the basic regenerative CVT or hybrid multispeed shown herein. 
Integration of the CVT with the computer control system Into 
the electric vehicle would compliment the optimum propulsion 
system for the E.V. 
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APPENDIX A 


STRUCTURAL ALTERNATIVES 


, . . 

Based on the detailed analysis of the current design the 
following considerations are made as means to improve design 
if required to resolve cited prospective problem areas. 

. .*-* * - i . 1LJ ' ' » ’ ' * • 

1. „ Weight may be decreased and cost reduced by conver- 
ting to a three cone system. An approximate 4% increase in 
cone radius provides the added power capacity for the 
regenerative design and no change is required for 3 cones in 
a multispeed arrangement. The restraints being compressive 
stress and cone bearing performance. 

2. Change the ahlftlng mechanic to e bell actew powered 
by a reversible •’modulating vet clutch, driven by the input 
roller shaft. Or use a hydraulic cylinder to provide a less 
strenuous, rapid shift capability, and to eliminate bending 
loads on a screw. Strengthen the roller carrier by using a 
lightweight webbed assembly to provide continuous, uniform 
thrust on the roller carrier bearings, or include two or more 


screws. 

"Clbs and ways" may be substituted for the linear ball 
baaringt at the pad*. Figure 25. page 71. 

3/1 Convert the piston loading and cone mounting to a 
configuration as depicted in Figure 26, page 74. *k* t # $*5^-* 

aligning Spherical Liners insure proper bearing normal forces 
under even slight cone deflection or bending. The Leering 
liner receptlcies being fabricated into the case . 

(tn lieu 0 ? one end being »ubject to deflection of the pi* ton 
in the cylinder and cons loads inducing elds forces on the 
control pUton).. , 

. The gear end epherleal liner* were eelected » lightly 
larter In diameter to pemlt the cone to pen through the 
liner reeeptlele on a***mbly. The cone le merely pa«*edthrough 
the hole and the lower Journal illd Into It* beerlne. The liner 
and gear end bearing properly centering the cone. The cone li 
free to move axially In It* bearing* and follow, lie center 
line ancle toward tne tranamlMlon center line until It con* 
tecta the roller. 


The cone will contiet the roller at a tpeclflc cone 
diameter depending on roller location on aaaembly. 





The spiral bevel gear shoulder should be accurately 
located a given distance from the large cone shoulder or a 
"finish to fit" sleeve used to space the gear properly along 
a keyed output shaft for correct gear mesh at cone contact 
with the roller. 

4 : * -J • ■ i -tJi i ' - ' 

The technique provides simpler assembly with assured 
alignment and greater all around rigidity, zi'' ‘ 

• ^ " nrrr ^■■ar ki f A J f A M 

In addition the spiral bevel angle can be designed to 
provide thrust in the contact loading direction a* a function 
of traction force (torque). One of the major complications 
to the optimized control system was the external load Induced 
slip changes and response required to accommodate shock 
loads. Spiral bevel gear thrust with torque, insures that a 
rapid rise in external load. Is countered with immediate rise 
In contact normal force. The load transient cannot induce slip 
without increased toroue automatically providing increased 
normal load because of the traction force to slip relationship 
on the rising slope of the curve. 

— Mi* M - .. ' • '-‘t ... 

The spiral bevel angle should be selected carefully so as 
to place Its response just slightly less than the corresponding 
a TCP/A CS slope selected for computer operations. (A slight 
"inadequacy" to maintain traction for the traction coefficient 
of the best fluid considered for use). Regular oil would then 
rely more heavily upon the computer to maintain proper traction. 

- J • 4- * i: .4afcV=i i ■< 

The computer burden would be acutely reduced and its 
ability to respond greatly enhanced, y i , ' 

. . .. . - * a > t U i i 

One added notation (and benefit) is the angle of the 
ressure piston. It is not perpendicular to the^ normal force 

cone Jetign l/ten6 “ <d»9.24 5 ) T 6.147/1.* And the S.J°cone 
hi i i 10.5/1 advantage. the required control pressure 1* 
reduced cotmensurately, bringing pressure* into the range of 
the lubrlcetion system. Ihie eliminates the requirement tor 
e high pressure system. Also the piston ii free fleeting 
(restrained from routing) end suffers no effeett from cone 
forces due to leed. Only minor trivet is required for loading 
end unlotdlng which is accomodated within nonnel gear baeklash 
at the aplral bevel. A piston stop should limit the relaxation 
travel to restrain gear backlash to its maximum allowable 
value during it 4 tie! startups, even though there it e spring 
in the cylinder to maintain minimum pressure. 

Slip in the Junction insures proper load sharing between 
the conet. 

A small orifice through the piston injscts lubrlcetion 
to the lightly loaded thrust beating separating the cone end 
piston. 
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A spring in the piston cylinder provide, - minimum load 
to precede fearing .kidding under light load, and insure, 
initial traction hence spiral gear reaction £or ****“"*, er 
loadlng with limited response then needed iton the ' ■ 

4 * chanae power flow to provide conventional output 

•-‘i «'?”>;» IV'T> .-asasr r ff 

pectlvaly. .... 

The increased" Vise , however , i. offset by the oU^nstlon 

ss ass 

iocc «ffulcnt.* How*v«t . lu*t iwieylng th« idl«t i“ tl * n 
bearings save, 1*)\ over the operating range. ^ ^ 

• ioIS*tet^.SUS*Sr t t£i • 

th.» h».« . p..k 

wh«re Internal horaepover l* radu cad to a TKt< 

arss 

And maintain* a aocA itAblA loil/tfp 1ft tht bAAtlng At«a< 
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Figure 27 » 





mw 




b 


• 14,000 RPH In 
X 21,000 RPM In 
4 28,000 RPH In 


"o 


Cone Bearing Radial Load Pis* 
tribution Over the Operating 
Range at 75KW (100 HP) Output* 
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APPENDIX B 


. ' f -stir **..• 

KULTI SPEEDING IMPACT ON 
DESIGN AND PERFORMANCE , 


« t f j i f ^ 

Multi speeding step gear transmissions are common in the 
industry but multispeeding in conjunction with a limited range 
CVT is of current consideration, * First, one primary feature 
of a CVT, the simplicity, may be lost by nultlspeedlng. Second, 
the drivabllity must be carefully considered. Other considers* 
tions are cost, size, weight, control, efficiency and service 

lif *‘ ‘ r“ : ‘mmi" 

Si2e and weight appear to be reasonable with the overall 
design envelope being conducive to retrofit if desired. Cost, 
control, drivabllity and survivability all seem reasonable if 
the method of multispeeding is carefully considered. The 
efficiency and survivability of the traction components is 
greatly improved by multispeeding. 

, k . : ft * r 

Control and drivabllity are best achieved by clutching 
the existing planetary tc redirect poverflov to change range. 
Clutching the existing planetary also minimizes the number of 
parts added to the system, which Is helpful from the size, 
weight, cost vantage point. 

The Addition of clutch, r should not be detriment si to 
survivability since clutching Is designed to occur st points 
on the cone*roller junction wherein there Is minimus or no 
speed differential st closing, 

figure 29. psge II, reflects the desired principle of £ 
the clutched planetary. power flow change, for schieving rsnge 
chsnges. Ultimate efficiency is obtslned by providing two 
direct cone drive rentes wherein power regenerstion is Avoided 
and in between these two ranges providing s regenerative power 
flow through the planetary to reverse the cone function so 
that a range change nay be made without having to relocate . 
the roller as part of the shift. While this has been success* 
fully done on paper it does require a complex clutching - 
arrangement end another approach is indicated where acceptable 
to the specific application. The clutching complexity it not 
intolerable end it does provide very low atreas, light weight 
design of the traction components and operate continually at 
high efficiency. 

*li-:r •. ->i " * I * *’2 Jti ' . • . I 

A simpler approach, shown in rigure 11, psge •). Is to use 
e lockable torque converter to provide neutral end high initial 
reduction rations, for rangs 1. The roller Is located at the 
minor diameter of the cone and remains thate until come minimum 


design speed is eehlevtd. The torque convener provides a 
smooth increase In speed to the point that the CVT may come Into 
use. This provides the same minimal stress designs as before 
but with only about half as many clutches end components. 




*rf *• * i 5 ‘ <> fc% fr I i i ^ • ' 

i r»,JS 1 is Vlth clutch** "b" and "c" engaged and the torque 
converter In »ervlce. When the minimum speed (with some range 
overlap) is achieved, the torque converter begins to lock up- 
During this transition the roller only moves to maintain a surge 
free shift, by compensating the traction ratio downward to off- 
set for the elimination of silo within the ‘ or SV? 


set for the elimination of silo within the torque convert. 

This Is a relatively minor roller motion and while longer than 
other shifts in the multispeed design. It Is no longeir than the 
shift of a conventional automatic transmission; plus does not 
Induce the surge or shock of a conventional shift Incurred by 
the step change between ranges . 

, The power flow In range 2 1* through the Input spiral bevel 
gear driving the cones, through the traction Junction to the 
roller. With clutches "b" and "c” engaged and the torque con- 
verter locked, the output (sun gear) la forced to 
with the roller arid no relative gear motion Is involved. .f* 
the roller Is moved toward the major cone diameter the roller 
speed is increase^Wndhtnc^ the ou tp ut^ speed Increases. 

When the* roller approaches the major cone diameter a 
point is reached where the roller Rpm exactly matches the 
Input spiral bevel gear and clutch '’a" may be closed without 
a closing speed differential. Clutch “c" Is opened and power 
flow Is now spilt vlth part flowing from the Incut spire 1 
bevel gear driving the cones and part through clutch a 
driving the planetary carrier. The part flowing through the 
cone* drives the roller which now only drives the planetary 
ring gear. As the rollsr Is relocated toward the minor cone 
diameter the ring gear it aloved and It may be aeen that 


diameter trie ring »» T , ’ : 

power flowing through the planetary carrUr Induceika atep 
up aceed to the output lun gear* The iplit power mode 

prov dee range 3 * ^ * outlaw * 

* # * *** '*■ 1 A ’ J . t i . . . I . l.Li aL 


6 - ■auk— ■ ■ . „ 

A range 4 may be used in aome application* t v * > £<'** l*. 
motor drive accomplished by positioning the roller J® 

Input spiral bevel speed matches the roller spaed, $*?*!), J? 8 !?* 8 
all clutches and locking the torque converter. 8 X living the 


of ootot speed end no trectlon contact losses or gear losses 
sre generated! this could provide a useful openroed tange ^ < kl 

To overcome the Inherent thrust developed on the cone* by 
the cone angle, in combination with torque end preseure, *no J® a 
provide en excess c f mschsnlcal spiral beval gear thrust l®*j}i® 8 
with torque at tha cones, the spiral angle would run from 11 to 
2J® as aTunetlon of other design variables and the fluid used, 
the computer then "unloads" ths traction contact to optimise the 
power capacity and efficiency. Platon control nresaures required 
in the structure era reduced to normal lubrication oil pressures 
thereby eliminating tha high pressure oil system and further 
provides a failsafe control since the transmission will work 
without tha benefit of optimisation through unloading pretsura. 
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Conditions 

A - 14 #000/10 
B - 21,000/40 
C - 29,000/100* 


A Regenerative CVT as Studied 

• Typical Multispeed Design (See Pig# 31, pg 83) 


Volumeteric Efficiency 
Over the Operating Spectrum 
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figures 51 Halt I m pe^ J/CVT Functional layout 





appendix c 


CONTROL SYSTEM DETAIL 


Referring to the analog Slow diagram Figure « A# £«* b « 
basic automatic slip control la achieve- -a 

TSI;\racUon Sneed in C^ll«) «d ^a'tion Speed^Out^ 

(Cone) ; TSO. are either in the fora of « ]£" u f e( ,f pulses 

ty • 

converter (f/v) . ; y. iul^y • ,* - ■ *•*»**. 

sauaiu {5 SrL'is/tsr^. 

s^LStSd'iAr^u rs^LiaJbiih 
sJ !,usi‘r^ «X”iu p i‘s. ..»uu, «.p«t •< 


vy 


-iov« 


HSR (Measured Speed Ratio). 


HSR and TSR ate then ^Pwi^^^pyt^elng HSR/TSR^or 
Jlc^erMrEltStVrMn^eit produce. a final output that 
represents % »peed. , v u . 

For example If *J{ v t ^%*^5racal°Lth^Uc^vetru»ed, 
would be -9.5V out. If *i;i? If -.to.5v. i n each caie 

45% speed w ^il 4 p ^ 0 iu ehM*e In the processor output. 

5% slip produces 0.5v change sn^sn« r rta „ . * . 

j' Into an "offset null 

It nay be •«*?.&** £55 adjusting 10v Input to e<wal 
(OSN) shifting xnpllfler and ‘"justing 0 $ uce +/. 0.5v 

& out. the O.Sv change vlth 5% slip bc ,hown.) 

output. (thU step theae. traction physics 

However to continue the slip . - Silo ay* should not be 
is indlffsrent to slip ♦/* ‘ondltion. sit^ t denotes the 

transitions. 
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Pxgure 32, Basic li-lip Control Schematic 
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Since traction la a function .of +/• slip and is indifferent 
to whether the slip Is in relation to the roller leading or 
lagging the cone (slip +/-). * The (OSN) slip amplifier output 
is applied to a precision rectifier (FR) constructed of two 
Operational Amplifiers (OA). This insures detection and ■»- 
linear amplification of very small signals* (Caution: simple 

diode rectifiers cannot be used without very high gain of the 
slip signal because the diode PN Junction has a low voltage 
breakover region where current flow is a non-linear function to 
voltage.) The P.R. arrangement is very important since out 
system is anlayzlng low slip values, near aero voltage output. 
The alternative of making 1% equal zY means high gain and is 
prone to produce oscillation* drift and instabilities that are 
generally to be avoided. And even at 1% • 2V, the FN Junction 
of some diodes are very non-linear from 0-0. 4V which Is 0.2% 
slip equivalent range that would become non-linear. 

The output from the P.R. is computed slip (CS) and is 
applied to differential amplifier (DF). The other OF Input 
is a slip reference voltage (RS). It doesn’t matter if the 
- (inverting) or + (non- inverting) terminals are used. 

Whichever signal is applied to the - terminal is subtracted 
from the + signal and the output Is proportional to the 
difference in the two respective inputs. The choice of + or - 
Inputs for a particular signal must agree with final drive 
supply voltage and the proper response on demand. 


The output swings t/- in proportion to the difference 
between CS and RS depending on which is larger and which 
terminals have been selected. 

" * * dHk feMf * *-*■ * > jj . • - » - - : 

The Df output is slip error (SE) and is spoiled to an 
Integrator* which is an OA with capacitive feedback coupling. 
The output goes up with even the slightest Input current. 

The output rise is coupled to the * terminal and tries to 
suppress the rising output, but as the capacitor charges, the 
negative feedback current diminishes. With less feedback 
the output continues to rise.* Whan the capacitor receive# a 
full charge the output will be at maximum voltage. In thla 
manner even 0,1% error continues to demand more and more cor- 
rective action until error is tiro. 

* ~ \ *-»■•-* : -“Tifrri' ' * ** •' \ | ■ a* ,j . 

the diode li used to preelude the Integrator from mure* 
ting In the oppoelte voltage. It illp were lee* then reference 
the Integrator unwinds froa it* saturated pressure demand 
condition end would begin returning to seto. tf the diode Is 
not used the sapllfler would go pest tero end saturate at • 
voltage supply instead of plus volts supply. With a single 
ended +12v supply to ths driver transistor the only ill effect 
would be tiae loss in responss to trror requiring renewed 
pressure deaend. 
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The output from the integrator drives a power transistor 
in the emit ter* follower mode to operate the pressure control 

and slip 


response 

slower than the detection and computation of error. Rj added 

to the feedback loop of the integrator provides a more 
practical integrator which is much more stable. It provides 
proportional band’* control where demand for pressure Is in 
response to error magnitude, supplemented by increased demand 
as long as error exists. 

Examples of other control modifier signals (optional) are 
shown attached by broken lines, i- v. £ . 

: ' > £, i w i 4 v J a ' imisT jiii jjiif rtttitii ite&Lk ■■ 

The * terminal of 0A*s are electronically held to ground 
potential (not grounded but held to zero volts) by internal 
circuit. The OA functions are based on currents flowing in the 
system to hold the - terminal at tero. This is a very important 
feature ip that several inputs may be tied to the • terminal 
simultaneously by input resistors. With the common side (- 
terminal) af ground potential each input remains effectively 
Isolated. Their input currents produce a collective output 
or forma a summing function: (A -f B) . 

The rate amplifier^). (RA), with capacitive inputs con* 
tribute demand proportional to rate of change (a). Two are 
shown: k SE or Kate of Slip Error change ana ICS, Rate of 
Computed Slip change. These subcircuits contribute stability 
to the overall control by alterin 6 the demand response under 
certain conditions. As the rate of error change gets larger 
an even greater correction demand is made to get the 
situation under contol* 

* ' ' v • -v - y 

Another modifier ahown li CS, which almply provide* 
come b.iellne preiiure demand proportion*! to clip. 

- rf.w**^* *VK . . -j:: •'■Jt 

Obvloualy the combination of modifier* i* virtual!*- un* 
Halted. For example, tha peak traction point change* with 
temperature (oil vlacoaltv) a«h that a temperature modifier 
would appear advltabla. Traction, hence optimum altp vatic* 
with peripheral velocity (film thlckneaa) of the component* 
and a apeed modifier ahould be added ualng TS1 or TSO algnalt. 
The traction contact patch geometry change* over the ratio 
rang* atttlng* henct a tsft modifier may b# added. Even 
preaaure (normal load) change* the contact patch and optimum 
altp and a Traction Control Fracture (TCf) modifier could be 
Included. 


vaive irvuj which ultimately causes a pressure change. 
The capacitive effects of the integrator make its 


ft* 
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Many of the traction variables will necessarily need to be 
determined empirically and the decision regarding control 
modifier circuits made as a function of cause-effect. 


4W** W V vrt * * ’ . i ■ .... . 

One other logic loop Is shown which involves two comparator 
amplifiers (CA), and AND Gate, and Two Transmission Gates (TG) * 
<TG*s are electronic switches, controlled by the signal line 
shown on the side). 

: 4. y # - * • - 4 !*, V&i S'Vj” • ... 

The CA's will saturate + anytime their + input exceeds the 
level set on the - input, and are clamped to zero anytime the 
+ input is below the input reference, by the negative feed- 
back diodes. ■ ^ 


One CA Is monitoring slip ud its reference would be set 
just above an empirically derived worst case (normal) operating 
condition. The resistor and capacitor shown In broken lines 
would provide an appropriate time delay, sensitive to the 
magnitude of the signals. A small transient would be given 
louger to be corrected than a large transient. If slip remains 
above normal limits this CA will go from zero to maximum 
voltage. Logically the output is viewed as a "l" or "0" in 
binary terms (on or off, resectively) . The "l" or "O'* output 
Is applied to one input of the AND Gate. 


.-iMUku- - *■**-' " - a.*./. .... 

The other CA operate! in the same manner and is monitoring 
Traction Control Pressure (TCP). This is the actual pressure, 
not demand for pressure. Its reference Is set lust below the 
maximum control pressure available as dictated by the high 
pressure supply manifold adjustment. 


The logic la that if slip Is becoming excessive and 
maximum control capability is being approached, an unsafe 
operating condition is about to occun a problem that must be 
corrected. The AND Cate will see both conditions and transmit 
a ‘T output which opens transmission Cate l dropping pressure 
to zero and an auxiliary signal is sent to the Vehicle Control 
System (VCS) to shift the roller in a tracking mode to bring 
slip to zero and keep it there. 

' “Y**- : : W.Vi.Vfc . • .. 

Dlodee from the AND C.t. output fort a Utch by aupplylng 
fill, "high .lip" and "control capacity reached - ' Input*. Th. 
l.tch 1. r«.«t by th« Vehicle Control Syetem opening TO 2 
breaking the felee algnal eupply. 

A tener diode erce»*coupU» the "high ollp" CA output to 
the TCP Halt input to the AND Cate. The pttpoie 1. that a 
faulty relief valve, acoured pv'np, faulty praature control 
valve, plugged filter and man- otter problem* could cauae actual 
control praieure available to et let* then normal, caualng an 
inability to Increaia preiturr on demand. In thla caae the 
high clip output would i n; the tener bteakever point and ehut 
the eyatem down by *1 : elo»- 
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An alternative to senev diode protection would be another 
pressure transducer on the high pressure supply manifold to 
vary the TCP reference but that edd# coot and a till would not 
protect against PCV failure or plugged filter problem#. 

• ,.r' • ' *» 

Vherea# the zener diode effectively determine# the control! 
are not getting the Job done and #hut# the eyatem down. 

In thi# #en#e TCP need not be considered at ail but its 
Inclusion provides an early warning when the problem is vehicle 
overload or some problem other than hydraulic controls are 
creating the highbal l p c ^ dltlon^ 

Note that CS also is stnt to the VCS system. This will 
be discussed in the VCS presentation, i i i a hm i&f y *. 

. i gfi ^ 

Previously 1 mentioned that the OSN sequence was not 
necessary. "This is because % speed is lust ae effective as X 
slip in control of the system. To eliminate that step the O^N 
becomes a D? with a % speed reference in lieu of a X slip 
reference, a If X speed is correct (equal to reference) the 
output is automatically zero and if X speed is greater or 
smaller than the reference the output swings + or - accordingly. 
Through the PR an error signal is then applied directly to 

“• *—"!“•■ n>ii n jin tiUMti n m 

If we supply a 95X speed reference we are by negative 
logic demanding 5X slip. The system can not tell the difference 
in terms of error end ultimate control. £^,1 . 

: ii ii 1 "■iihi ii f lif riTiil ~ J s. > > - 1 . 

One last point regarding the basic presentation. , Trans- 
conductance multiplier circuits are quite delicate to calibrate 
and used as feedback modifiers to achieve division, become 
100-fold greater a problem at small signal levels. Cascading 
two such networks presents undesirable calibration problems. 

This has been overcome by using TSR directly as e gain control 
resistor around the X speed amplifier. In lieu of the second 
MC1495L. 


As shown in Figure 33, page 90 , 
amplifier is expressed as: 


the gain of the X speed 


Gain 


Rx 

TSR + Rz 


Since TSR - MSR (without slip) Rx and R* are adjusted to 
provide e constant X speed output for all TSR ratio settings 
if no slip is present. ,7 

,y * 

For example, if the roller .peed were 5,000 Rpm end the 
cone .peed varies from 10,000 Rpm to 30,000 Rpm, then TSR 


c- ^ 
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• *1 Hi * Tfe ~ . 

;;S;; s? l 5 ;j; eone rat!o * « f V 1 . t# 2/l * • c °« •*"<* 

• *4:. , V^j^, ,' cf . . 

The conversion iron true 6/2 ratio to 3/1 Is acconmii*h«fi 
In ***• CR, MSR divider end ie not critical 

SlX' °S?J M, 1 f«£E r* tl0 *>«co«. «v, 6v. 7.2v, or 15 
re *!*T /ie* 111 ? Important point become® matching the span 

[£ Sndil^M? thl h °s t ?4 P> °i lt P ut b 7 calibration of TSR, 
calculation?" h cbaoluta value or accuracy of ratio 

from ioif T «K«^ r f ve JnX lth r 2 ll * r position varlao In retletance 
tron 10K ohtna to 700^w ; for exanple. Rz and Ri vatu** fnv 
proper performance nay be found by: for 

l. TSR . . 

M/v “ 1/1 


l. 700.*. • . 7K • 3/1 


’J 


1-3 (.7K + R*) - 2. IK + 3Rz 


Rx - 1 


Rx, - 10K + Rz 


Since: Rxj - Rx 2 

Therefore: 10K + Rz « 2.1K + 3 Ri 

10K • 2. IK - 3Rz - Rz 
7.9K - 2Rz 


R* - 3.95K 




Hence: 



Likewise : 


Rx * 10K + R* ■ 10K ♦ J.9SK • 13.95K 
Rx - 2. IK + JR* - 2. IK ♦ 3(3. 95K) - 2.1K + 
1I.85K - 13.95K 

I3.95K _ , 


13.93K 


13.95K 

TT55T 


Raaulta : 


Rx - 13.95K 
R* - 3.95K 

<li£f*r«nt ratio rang** or different value* of TSR 
'•*i*J*» c * ovar the ratio rang* those valuta will vary. But 
as outlined hare for a alven "no-clip" HSR, the X speed v.£i 

i?’ihi£t*d CUt ?f t M« l J ,5 y * reaaln constant aa th* P trans*ission 
is shifted. If HSR is offset by virtue of the presence of slio 
X speed output will change. To achieve this the TSR leads *re P ' 
TqR* r *r/i *° J h * C when MSI - J/l. TSR - l/i and when MSR - l/I* 
no R act^l“sl^ rCby provldlng th€ COMUnt * *P«od output with 

Optimized Traction Control (PTC) ; 

^ *■ mm V -8L* * • ^ j,. ■* 

7 J n } Uu of ,lm P l * * U P control which muat be tuned to 
eiqpirlcal parameters and for maximum effect or benefit must 
“** another technique 

•' That technique Involves recognitioi^h^Mr^y"tr*ction 

Sfi* 1 ***/* P “‘ k t 5? c , t i on P° lnt - * This point (in term* 
”Jp) varies from one fluid to another a temperatures 
peripheral velocity, one transmission design geometry to another, 

52««^ en Qfae d rf f * rrn iA ratl ° ^S** 11 * 1 withln a given transmission 
assign. See Figure 34, page 93. 

_ - - ■ • • • • ' ; ■**i- : 

The control system just discussed can be calibrated to a 
specific transmission diiijti. But to function over a vide 
ranee of environmental changes required added components to 
modify Its response to such variables and would not work 
properly If a different fluid were substituted. 
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Traction Force, N (lb) 


1TTWHWW D U 


o Folnta cf rqual Traction Force (Torque) 
y -* Optimum blip Folntfi 


v ff*»ctr of Ter.rerature , bpeed, Ceorcctery ani 
r Alternate Fluids on the Traction Optimum ^ilp 
Value • 



o (0) 


* Slip 


Figure j4 i Typical Traction Curve (Constant Normal Force-Pressure). 
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in any workable environment* without the necessity of specific 
calibration, and will have much less sensitivity to calibra* 
tlon drift in the slip computer section. 

*a- lit i'., 

It Is shown in Figure 35 and 30 , pages 95 v and 96 , 

respectively that regardless of the absolute slip magnitude 
for peak traction, the rate of slip change to rate or pressure 
change ( aCS / aTCP) - • . 


THIS STATEMENT HOLDS TRUE FOR EVERY FLUID, EVERY KflOVN 
r FACTION DEVICE, AT A U SPEEDS, TEMPERATURES OR RATIOS. 


With that In mind ve can start with CS and TCP signals of 
Figure 32 , page 65, and develop the Optimized Traction 
Control (OTC) system, Figure 31, page 97, ; ; 


CS and TCP signals are converted into +/* ACS and ' 

+/- aTCP, These rate signals in turn are then applied to a PR 
resulting in a CS and aTCP signals. The previously described 
divider network then has an output that is proportional to 
a TCP /a CS which la a representation of slope. » Slope identifies 
where on the traction curve the system is operating. 


Unlike the basic slip system this system would prefer 
a TCP/ aCS instead of aCS/ aTCP because as shorn a slope * 
calculation of 0/X results In "0". If aCS/ aTCP were used then 
the peak is X/0 ■ • and saturation of computer circuits would 
result in data loss near the peak. r~ 




The operating slope (OS) calculation and the desired slope 
reference (selected operating point at or near the peak) are 
applied to a DF. The OF output is +/- slope error (SE). SE is 
applied to the - terminal of an integrator such that - SE 
produces a + voltage rise out of the Integrator. Referring to 
Figure 38, page 98 , it may be seen that - SE means a slope 
value less than the reference (SR), hence closer to the peak 
than desirable. The + integrator response will produce a 
demand for Increased pressure which will reduce slip, bringing 
the operating point back toward SR^. , ; , 

Tilimiii Mr'*' -jii i t ' **'*••* . : • 

Just as a typical traction curve reflects two equal torque 
(Traction Force) points for given values of slip and normal 
load, see Figure 34, page 93 , equal slope values also exist 
(See SR^ and point 2 of Figure 35, page 95 . A shock load 

could transient the operating condition into the 4 clip regime. 
The problem is that reverse logic le produced by control sy sterna 
for that slip condition. Such that at point 3, for example, 
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Traction Control Pressure (Hydralic) Normal Fo~cc U/k! 


a Hqual ♦/• Slope Points (Note slight offset In 
w pressure values due to asymmetrical curvature •) 


T Ftak traction (rote slip peak is not centered 
between e<;ual ♦/• slope points.) 


b&r^n point, 

■ I I *- 


' 2.3 ( 3 . 5 ) 


2.0 ( 3 . 0 ) 


1.7 ( 2 . 5 ) 


1.3 ( 2 . 0 ) 


1.0 ( 1 . 5 ) 


.7 ( 1 . 0 ) 


.333 (. 5 ) 


0 ( 0 ) 
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Figure 35i 
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Traction Control proosure Demand (PCV) Normal l-oad 







the elope it too large end the normal reeponee for correction 
in the - elip regime is to decreeee pressure tut in the + flip 
regime must Increase pressure, Thet condition if diealloved 
by the system rather than developing reverie logic control. 

Thia if accompllahed firat by driving a comparator with 
the 0$ signal. The Slope Unit Reference <SLR) will demand 
maximum correction anytime OS falls below the preset SLR.^ It 
will continue to demand maximum pressure for as long as OS 
calculations fall below the SLR settings. 

With adequate hydromechanical response designed into the 
system Initially the OS Limit (OSL) should preclude a + slip 


However, the closer to the peak we can operate the more 
dramatic the benefits of 0TC.~ But consequently a greater 
hydromechanical response must be available to maintain control 


and the easier it becomes for shock loads to cause an uncon- 
trollable transient into the + slip regime. 

■ 1 1» i s * 

Therefore CS and OS signals are analysed for their trends. 

It may be seen in Figure 35, page 95, that as the traction 
peak is approached in the - slip regime the slop values 
decrease with increased slip and slope values Increase as slip 
decreases. But in the + s&ip regime slope values increase as slip 
increases and vice-versa. In the + slip regime "parity" 
occurs In the slope and slip trends. 

This fact is used to Identify and prohibit continued 
operation In the regime by constant demand for increased 
pressure. • « - ^ $ 

t. .U.»\ r,r^ L 1 if ■ , : 

This is accomplished by isolating +f~ACS from e compara- 
tor using a diode. Only +CS becomes applied to the CA input. 

The other input is grounded such that any tdCS caused maxlmun 
output. The feedback diode precludes spurious - saturation. 

*■' * " tf — i ‘ * 4. - W - • i’ « 

OS is applied to an RA to provide +/-A0S and an 
Identical structure reduces the signal to an ,r 0" or "l” 

(+4 OS) output. 

{ . - •■.<£ '< i fcr' i *£.. 

' OS and * CS logic signals are applied to an "Exclusive 
NOR" (ENOR) Gate. The ENOR output is T, 0" for any conditions 
except two "0 n inputs or two M l” inputs. Anytime CS and 
AOS are the same, both "0" or both "l", we are operating in 
the + slip regime and ENOR response is a "l" output. 

The ENOR output Is applied to an OR Gate in conjunction 
with the OSL logic output. Anytime a "1 M appears out the OR 
Gate, maximum pressure is demanded by the FCV Driver. 

The result is a control system that controls pressure to 
maintain the traction junction operating at slope calculations 


A 


, - Itrr^Wftfo t f" J \ r ** ■ - v s 

around a reference value near peak traction. Once error in 
control exists beyond a preaet CSt amount, full pressure is 
demanded until the return to the normal control range even 
if the peak it tranaiented in the interim. Tbit may be 
insured by using a 'sample and hold" of the slip value at the 
time OSL indicates the transient may be imminent (not shown). 

Just as in the baelc slip controller other modifier 
signals are^jcoa^Vy^a^^^^le^^^TCj^|a^^ 

Since basic slip control can only do vhat ve tell it to 
do, and cannot tell if that is right or wrong, we must test 
empirically the effects of temperature, speed, etc., and 
modify the control response to maintain maximum benefit. The 
OTC system Just described will control the pressure to 
maintain optimum conditions even if regular oil is substituted 
for traction fluid. And automatically compensates for all 
variable effects without the necessity of measuring those 
factors or without knowing what effect such variables have, 
because OTC analysis is of the traction slope produced, after 
eh * in * U ™ c « 

Figure 38, page 98 , is a typical control response to 

conditions in the Junction. » The area between the solid line 
and dashed line represent* the effect of the integrator with 
time. The solid line therefore i ur* instantaneous response 
and if the error continue* the demand for correction will 
correspondingly drive the PCV to full pressure or no pressure 
in an attempt to bring conditions exactly to the SR point. 

~'IT. | ~ ri1 DUfa^r .rf • » 

The problem with the OTC system Just described is that it 
only works with a fixed load condition where ACS is only in 
response to & TCP. 5.1 •? J> 

The automotive application presents varying external load 
conditions and slip would vary with that load, without a change 
in TCP. This would produce false aTCP/ aCS slope calculations 
and the system becomes lost. - 

Also the system would become lost under quiesent conditions 
of constant load where aTCP and 1 CS both equal zero. However, 
in this case the system produces its own change and will 
oscillate thereby producing Its own A TCP which would cause a 
& CS response. 

Hany options exist to overcome these problems. 

First, a torque sensing device could be Installed to per- 
mit computation of the X of ACS due to load change and thereby 
leave the appropriate ACS for the ATCP / ACS slope calculation. 
This adds cost and complexity. 
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A * * « 

A hybrid control FMloiojhy can replace the need for 
J n °* tht Improved cone mounting using 

li 9 t< X bCVel *° a,,i,t loadln 8 aa a traction 

— ' !? **?_ be ,{6n ,. th * t l ? w «lope value* will result from 
But the l cor«r?*J r . tha pC f* V fro ° e * tern «l 1© ad Inlluencc*. 

produc«^a*correctlve**e»pon8e^ r f < ' C “ l “ fatloB chan 6 a » 

f*l*ai? C <!i<!» decr **» e («»>ich t* In the tale direction) could 
fhi5*«fi? ^** 4 * n-ax S aak ©©©dltlona and Improper rejporir 
(but «afe) of In c reased pressure would re .ult. £./ P 

If a basic flip “ntroll'e? 1 therefore Urftwed a'* the 
?*J“P c 5 nero1 and * l 0P© calculation* aa a modifier Ire 
* ay 5 ta “ °f P r **»ure response to slip (iojd 
Inf luence) ar ound a selected »l ope point evolves. 

j In thl* technique slope error values would be averaeed 
it«f Ppll a d t0 fii slip ci rcult reference via a sunnnlng antp- 
^TCP bv ^viStii* tO f4 C0 a l l b ? UJed t o insure contlnulus 
iliKnli.J Kf m ? 1 8 #\f tx ? d dlther signal to the demand; 

i h 5 of th ® tx } te «rator in the system as well as 
pag^lQ^?* ^ " deqUatft on ; t i hel ^^ a Seat Figure 39, 

In this manner a reasonable ( safe lue 
established and the average slope error used to bring 
*h i ine «nv!rorurental conditions but uSder 


ij r - “«Wa^ ^ Ar»wr^^24>*.»d< S | l ^ v\ 

■/.,o Tht net effect is a traction drive under toroue feedback 
response with slip calculations used to fine tune control 

at ?* ES ak 5 rACtlon conditions. And 
slope logic as wall aa ACS and CS modifiers to preclude 
operation in + slip regime, - vU 

-..- Unenhanced OTC control would necessitate a high degree of 
*? dither signal a. tha slope viluefwSIfd "eld 
fn “f P 1 * 0011111 * 6 * 1 ? based on controlled 4TC? affects on ACS 
load^changls*?* ^ fa * ter tha ° 4CS proJuced b ? "©rmal vehicla 

.... Thl* all becomes possible because for a given set of con- 
ther# *? a particullr *CS in respont! to ATCPat 
specific operating slopes and lover frequency dither may now 
be applied and Che haselin* iTCP/ ACS filtered out. The 
remaining 4TCP and ICS are vehicle load affects and alip 
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Traction Control Pressure (Hydraulic) Normal Force 
N/T‘7 2 X 10 5 „ (pci X 10 2 ) 


1 100 b 9 a 10 Samples and Correctional 
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( 7 )' 

6.0 

( 6 ) - 
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( 5 ) ‘ 

2.7 

(«») ■ 

2.0 

( 3 ) 

1.3 

( 2 ) * 

0.(67 

( 1 ) 

0 

( 0 ) i 



tin* In Second* 

Load Trane l*nt Mapene# 


rigur# 29 » 
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co "i£ o1 r «»P° n * e Induced. The specific relationship of 
4 TCP to 4CS need not be known as It will change as a t> 
function of environmental varlablea. But on the average that 
information filters Into the basic slip control and updates 
the slip reference, t iWr, .Ijaffm »tn«ir "i i«m 'ft . 


In term* of time, the system hydromechanics! response 
from no p ressure to m aximum pressure is 50-100 rail I i -seconds. 

_ . **}• preesure available is~calculated at twice thet required 
to handle peak design horsepower. ■ So from zero to full load 
capability In 25-50 mllll-eecondst usual vehicle load 
change* era much slower then that and even chock loada <»•• 
5J5!* #1 ! n J! > W 5 U H M ?«! from 100-500 mllll- seconds. Rubber 
? x ^*?4 ^ r ^ v * theft* and the like, absorb most load 
•£**•? torsiona l coupllna may be added to 

5ggg£b.j 0 ut road shock permlttlne the computer ade 


deauate tTie~ to 


i t ?P* r * tln « *\ if wiU °5 l y ch4B «« « v «* • Period of 

1-5 seconds with temperature^ speeds or rstlo setting end slope 
avenging would allow 0*5-1 second to make corrections to the 
slip reference. '* > f 

These basic concepts were provided In analog form to 
better facilitate comprehension* Obviously such a system msy 
be con/erted to digitsl and placed under the control of a 
microprocessor. 


* fe-is x = 




jess. -- -<*■ 4 m * ■£*■■■* 

Ths snalog system would suffer from calibration require* 
ments, temperature drift, non-linearities snd physical sire. 
Its advantage is constant monitoring and a dedicated system 
performing control. *r*m**&m, > * =v isr* ; 

MM In III III i aa* fcrf«n I , t ■ 1 I| ■ ' : 

.. The olcroprocessor (HPU) (programmable) provides 
flexibility during development! smaller packaging and 

SD?ed aa Veil li f I AUAtlilkl* fA AiVsw leal, a 


4 */ >r* v O* »"w»»w sw# grsater 

, f g development! smaller packaging and higher 

•p*td aa veil as it available to perform other tasks on a time 
sharing basis* It suffers from sensitivity to environaentsl 
electrical noise such as fans, turnllght flashers and spark 
plug firings* It can soon lose in terms of speed because of 
the program required to fulfill complex computations* 

■ K T v . ■■ * ’ ■ f- * .■*' f "* ■ " ^ ~ • * - 

The best ell around system would appear to be a hybrid 
between an MPV and analog conversions. By converting monitored 
data Into analog form, then multiplex that data either 
jf'iJ.JC or • tKrou*h a logrlthmlc converter, to an "analog to 
dlgltar converter, allova ue to supply a high speed MPU with 
dlgltel number* thet need only to be added or subtracted (4 
computer cycles) to achlevt addition, subtraction, multiplica- 
tion, or division. 


10 ) 





. ' tl> ^^* l0tt *. logri thmic data, multiplication and division time 
ml *£«5 nult f P L* precision addition or attraction 

jfn 5 h »i,!fM l var y. with “* value of tha number being processed 
t?i»wi ly !*?lt lr X , ,2 few hundr *<l cycles if numbers large 
1 jjeuracy or resolution are used. It.*., 


i«.w?S-fi t 5 . r ?* tlv * “ t0 ,u P? l y • R0M (R*sd Only Memory) for 
logrlthmlc values over operating-ranees and let input data 

£«,.?3*k.Jf!.i l ? gr i th ?f e •guivalent for use by the MPU. i This 
would basically double MPU cycle* to 8 but lUuinitu multi- 

l “ ? * 

f.rn* ■ ■ b*>. - — 

j Fnv i £ at. . #uaA s i. . w * . ^ m mm m m. 


rso\l°lr>i%Rl*A t iZ h Z*l S Z * rJ IS ? di,c ties (0 aperatures and 
nnnn? •?f nn * n 8 *5 ^ 0,000 Rpm, each acerature would occupy v- 
uiiSe l en seconds <100 millionths at a second). 

oe£ faSnil^Twt ?}°!& fr f^ utnc y of to MKs <10 million cycles 
ES* !t C t n <vU*o^^ c ^ oc k*P)fiS M vould be counted per eporature. 

5 # 000 Rpm meant 2,000 counta would accumulate , F If ipeed 

IccuSlsSd! y> th * Mpu woul<5 * Mdt l0 * 000 * 000 b * 


10 . 000 . 000 / 1,000 


10,000 Rpm 


10 , 000 , 000 / 2,000 - 4,000 Rpm 

' ••• l < -.s'/. ■ ; - ^r'drj’. 

»**•*«. that ! t#p l .* not necessary to control, aa 

previously shown, since the system is looking at ratios. 
Therefore the counts would address a log equivalent memory and 
the respective logs would be subtracted? fhe log 10 of 

1,000 - J .000 the lojjQ Of 2,000 • 3 . 1010 , 

3.1010 * 3.000 - 0 . 3010 . The entilog of 0.3010 - 2.000 
or is equivalent to 10 , 000 / 5,000 - 2 . 000 . If the clock 
frequency is not exact such that 10,000 • 8,260 for example. 

8,260 Rpm • 1 , 210.65 counts ( 1 , 210 ) and the log.* 1,210 - 
1 . 0828 . 16,520 Rpm - 605 . Log 10 605 • 2 . 7818 . 


3.0828 « 2.7818 - 0.3010 ths’antllog of which - 2 . 000 . 

haArtma* »ai sfloalu e 


. • • * v*w — vm#vav bdf an 

Drift bacome* relatively unimportant 


. « it’-' 


TSR (as well as TCM would provide a variable voltate to a 

(VC0). The VOO would be eili- 

iKKf *• *!? 5 u .*" c rA £ . 2 l?°0 H* at the 2/1 toller-cone 


y ».:/ « a,vw ns it cm «/i roiitr^con 

£i5Jk 1 £%j 0n * VC V&1* b « At 2,000 K< the pulse 

width would cause 5,000 count* to eccusulete. This would be 



converted to log^ of 5.000 - 3.6990 end vould be subtracted 
from a memory fixed of 4.000. (Log^ of 10.000 counts) 

4.000 - 3.6990 - 0.3010. 

The 2/1 roller-cone ratio computed above in log^Q fora of 

0.3010 is subtracted from TSR - 0.3010 and the results - 0.0000. 
The antilog of 0.600 • 1.000 or 1/1 - no elipl r , £ 

Under the above at sumptions it may be seen that If the 
roller speed was 5,000 Rpa but the cone epeed of 10.000 tom 
was not prasent because of 5% slip 4 (a cone speed of 10,500 
vould exist) the cone count vould equal 952.36 (952). The 
log , a 952 - 2.9766. 

1 > .* v , .*•; *w . . ■ - 

3.3010 - 2.9766 - 0.3224 as the log^ of roller-cona 

ratio. ‘ This ratio minua the predicted ratio by TSR of 0.3010 
equals 0.3224 - 0.3010 - 0.0214. The antilog of 0.0214 - 1,05 
or 5% more epeed than thera should be. • .. 

This philosophy can be extended throughout the system and 
need not be duplicated in this presentation. Due to the control 
complexity end the amount of multiplication and dlviaion data, 
log^ convereion before MPU processing is dictated. The 

appropriate bytes of log ROM is preferred but may ba achiavtd 


y ot tt ^ , 

A logrithaic ampliflad could convert analog inputs before 
the analog to digital conversion. In vhlch case the frequency 
conversion would need to bs made or preferably us a small 
voltage generators. But since log^ 1.111 - 0^0457, log^ 

11.11 - 1.0457, ln£ Of ilU - 2.0457 and log^of ; . 

1,111 • 3.0457, a ranting unit can ba used to assign the - 
characteristic whits digit decoding may ba used to address the 
log, ft of four (l 1 #). This cuts memory capacity requirements 


l°6l0 * ou 

to \. 
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To alnlalt* mechanical fabrication requirements for ex- 
treme tollerence between open and closed duty cycle (See Figure 
A0, peg* 106, the KPU i» «<!«• triggered end begins counting 
the clock with positive or n.g.tlv. tf.n.ltlon of the incoming 
•lgn«l. It continue* to count until the next “like", tiling or 
felling lignel it received. It counts from leading edge to 
leading edge or treiling edge to trailing edte. This eliainetei 
cutter cite to diec clrcuafirene* relationship problem* other- 
wit* required to keep the duty cycle balanced. In the preceding 
example only the apereture vaa considered end thet alio eli- 
minate* duty cycle balance but if the X?U i* to welt for *n 
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aperature, It is preferable for it to count during that time 
since more counts improve resolution. Comparable counts are 
accomplished by going to 120 aperaturea providing twice the 
sampling rate. - • - . v . 

^ the final output integration will ba accomplished by 
repeated addition of error value into an output accumulator. 

This accusulation is continuously applied to a digital to 
analog converter to drive the PCV amplifier. 

.■»■/* V-' ,w v • - < .. ;; * *’ » *- i s. v . -v 4 \ .■ >\ i .< 

Rate, arc developed by operetlng" sampling on fixed cyclee 
ao that time need not be computed but is inherent to the deta 
collection (Cycle^ - Cycle^) / fixed iiiple time Interval ■ 

4 count*. j(j V .j- 

■ with a fixed sample time A may be used ae ratt,dlaregarding 

le’eri lliAfcZj, «n 

Keeping con^uter time to a minimum permits time for more 
computations. Some useful computations as far as traction goes 
would be 4 TCP/ A PCV . This Is a measure of hydroma chan leal 
response not only inherent in any given design but is also 
sensitive to temperature end fluid used. Such that the computed 
pressure lag cou*d be used in the program to vary the frequency 
of adding error into the output accumulator* 

'• ^ - 

This causes the Integrator to respond faster in cold weather 
(assuming oil viscosity change has eaused an increase in 
hydromechanical response time) . r«. ajtiL 


■■ W n bu ■ -lili 

■ Adding the slope over 10 cycles cen reflect a change in 
terrain by auccesslye excursions towsrd the peak. -Unlike alip 
error +/• which would average aero for any given amount of 

irriSr f 4/. If a* 1/ . C* . J . ... i * . ...a 


error (+/• 1% or +/- 5X around a set point), slope i, ten? 
and the trlgometrlc function mesne the average will shift 
dramatically a* ths oscillation, vsry from ♦/• It or +/- 5% 


around the set point, Such that transient conditions and 
responses become easily detected. That Information can be 
used to either offset the slip reference downward or preferably 
to increase PCV (integrator) response, Thie increases the 
tautband of the control by changing the error addition 
frequency into the Integrator. ^ $ i :J A s . 3t 

. M is recommended therefore that a small programmable MPU 
be used, with a 10 Hit Internal clock. And a minimum of 4 edge 
JfilMred t/0 porta for TCP. TSR, T$l and T$0 aignala. A 10 
Bit wide 0 port to provide better than 0.1% pressure control 
resolution, and at leaat 1,000 memories for log 1A value storage) 
plus appropriate processing space. 10 • 

Having developed the described control response In actual 
hardware a cuatoa system can be developed on a single chip for 
mass production which uses ROM for the fixed program. 
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VCS (Vehicle Control System) : 


VCS unit! *re already available commercially in terms of 
optimizing the performance of an electric mo or or proper 
throttle setting for best BSFC of an 1C engine. So only 
those aspects of VCS as applies in a unique way to the traction 
CVT and/or flywheel are discussed* 

In the prior discussion it was noted that (computed slip) 
CS was made available to the VCS unit* 

The purpose is atverat-fold. 

1. » Slip may be used to offset Transmission Speed Control 
(TSC) i thereby reducing the rate of shift to preclude driver 
demand from placing uncontrollable slip conditions on the unit. 
This would not normally be a problem but it Is possible that 
the driver could attach s trailer to the vehicle or in some 
other fashion Induce abnormal vehicle loads into the system 
(such as attempting to push a second vehicle or operate with 
the brakes locked up). By interlocking the MPU demand for 
shift of the transmission! to slip in the traction Junction, 


hundreds of potentially destructive possibilities are precluded* 
The transmission would only shift to the point that slip limits 
would allow* There it would stop trying and when max inrun 

• a a • * + 0 » v i a a a a i _ a « 


control pressure is reached an overload warning light would tell 
the driver his problem. ; , ... 

. , ~ i g^t^V ^ J * * a V * * ; ; . 

2. * ■ Also should any condition such as plugged filter or 
pump failure preclude continued control of pressure, the basic 
sllp/OTC system would set the safety shutdown. The set signal 
would then Instruct the KPU to operate TSC to maintain zero 
slip* or track output speed with no clamping pressure being 
applied. * ’ ,, 

, l?*U t ^*‘44**1* i* 4 * 



Obviously IP monitoring should warn the driver veil in 
advance that a filter problem is imminent but if that minor 
problem is not fixed we should still preclude the destruction 
of the transmission. Indeed if the problem is a slowly growing I 
one, warnings and automatic steps could be taken to preclude j 

the undesirable total shutdown on the open road, Such a j 

possibility would bs TSC feedback from filter a?. The vehicles 
psrformanee would diminish demanding attention as veil as 
providing s warning indication to the driver, 

The TSC normally functions by the difference between 
vehicle speed out (VSO) and Vehicle Speed Demand (V$t>). VSD 
is derived from the floor pedal and brake pedal pressure (ftFD). 

VSO may be developed by nort.al speedometer means at the 
output shaft or it may be derived by the HPU. 
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The output speed of the planetary it a fixed relationship 
to the sun gear speed (TS1) and ring gear speed (ISO): Where: 

WS - Sun Rpm - TS1 

WR - Ring Rpm - TSO 

WC - Carrier Rpm « Output - VSO 

Sr * Sun radius 

Rx ■ Ring radius 

Cr • Carrier radius * center of planet gears to sun 
gear center. 

K - Constant taking tire size, rear axla ratio, 
etc. into account for convert ion into Mph 

W rt - WSSr • WRRr 
C 3fCr 

Cone gear coupling ratio * (Cgr) 


TSt(Sr) 


; TSO (Cgr) (Rr) 
2 Cr 


. i t&gijUllfci **$*■&}> a ft* '*•'**}■ 

Since these signals are available the additional conven- 
tional speed-o-meter can be eliminated. 

‘ ii TSC la further modified to take into account the current 
operating conditions of the motor# In other words # e large 
differential between VSD and VSO would generally mean rapid 
shift of TSC to increase VSO, such that vehicle acceleration 
corresponds to driver demand. But TSC is offset if the engine 
is being overloaded (Rpm below optimum for demand) and a 
decision to downshift TSC and increase throttle could result. 
But the final vehicle response is still heavy acceleration for 
large demand differential to current speed. 

* t > •* 4<, F 5 ’• ; a • 

If VSD- VSO is negative the results may be ignored end a 
coast down would occur. To best simulate today 's driver feel 
the - result can cause a slow downshift of TSC or CREEP signal, 
duplicating normal vehicle coast down with the driver's foot 
removed from the pedal. 

, • i 1 r - *■ ' 

MO btconti a modifier for Crttp. A* a ltrgtr **?,£• - 

dtttctcd crttp It inerttttd cautlnt t norj rapld dovnthift of M 
TSC rttulting in rtgtfttratlvt braking. MO it ttt tt aaittr 
to that prttting both ptdtlt product broking. 

Tht combination of rtg.ntrotlvt broking with no real brtktt 
providtt t moot tulttblt arring.mtnt in thtt under gtntlt 
broking TSC it eau.lng rteovtry of tntrgy. But thouid ijot* 
rtpid broking bt dlcttttd and tlip Ittrti to override TSC tntn 
tht inctcatcd ptdol prt.turt (which it no rati drlytr retpente 
tvtn with power brtktt) etu.tt norotl broking to bteoet 
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predominate . This is less efficient because regenerative 
energy is being lost but getting stopped safely la more 
important than capturing energy at this point . This system 
not only provides smooth transition from TSC regenerative 
to normal braking but insures maximum regeneration 
Yv j and even with transmission failure leaves 

the driver vith ample normal brakes as a safety backup* 


w "Jr * S '** ^ ^ . 

Having TSC shift speed tied to the magnitude of VSD-V^C 
makes the response duplicate conventional driving of torque 
demand vith an accelerator pedal. 

^ i Cru i!S m4y accomplished in a conventional manner by 
storing VSO* at the moment cruise is set. into the memory for 
reference in lieu of VSD. VSD can override VSO men»ry for 
temporary Increases in speed, larger value aa demand result, 
by OR logic. 

. TSC - (VSO Memory or VSO) - VSO. 

* ..v* ,5tlc ? that * * I sc »«*n» road ipied greeter than desired. 

In th« cruise node TSC may respond to sieinttln constant rosd 
speed resulting In slight regenerstlve braking In hilly 
country, to be used to climb the next hill. 

* ’ • ■•***•• ^ . j • .< *'* g* ‘ * ** — 

BPD will clear cruise ae normal. I would add to the 
usual array of buttons an Increment {Increase) end Decrement 
(decreese) memory button. Ihle would provide finite trlnalrg 
of cruise speed to suit speed limit*, treffic or weether 
conditions. 

. . Logie may be provided to preclude going into reverse 
with * VSO commuted and vice-veria. A bottom limit to thie 
intarlock should be provided to permit rocking the vehicle 
as e means of removel from mud or enow, l.e., below 2-) mph. 

With the computer on board one added safety feature can 
be easily accomplished. ,, t . r 

P? , !^ 0r * n £ VSO* And comparing it vith A frame accaUro* 
metar, akiddtng ©Ay ba praciudad. Tha computar vouid know 
traction vaa oaing loat and could ovarrlda normal 
TSC or BPD signal*. To take edvsntege of the possibility for 
??H! kl<1 > el 5 cul 5 r3r . tht d. 1 *.* 61 PM**ur* link between the pedal 
(BPD) end the wheels would need to be broken *o that e 
composite pressure signal from tha pedal and the computer 
activates cylinder pressure. 

,, ,tMj excluding any desired startup or shutdown sequences , 
added safety, or auxiliary Indicator function* end flywheel 
monitoring and clutch control, would conclude a control* package 
for the CVT presented. 
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; I M f ' ^ t ^ ~ jr | ^ r ^“‘^'j|| r ', 

The flywheel may engage only during braking until an 
operating speed range is achieved, at which time it remains 
engaged. The motor controls in conjunction with TSC will 
maintain operating speed on the flywheel as well as control 
vehicle speed, A shutdown sequence by removing the key could 
cause an output clutch to disengage and engage the motor, 
causing it to brake the flywheel by generating into. the 
batteries. (If the motor is designed to produce counter emf ) . 

. - % '.i . c tx . 

v In the final analysis the control technology exists. The 
final design to be predicated by details of the application 
and desired features in performance, which must be weighed 
against size and cost of an HPU to achieve all the functions 
reliably in acceptable time frames. 
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APPENDIX D 


W 


GEAR WINDAGE POWER LOSS 
/n5| / /. 1 \ i,«17 


p.l. - Hrfon <* 5 > (Jf-bno' 


m -1 - 


5 FOR JET LUBRICATION NO ROTATING 
PARTS SUBMERGED. 


BEVEL PINION i 

P.L. - (1.3) (23479)* (1.54) 5 (,5)‘ 7 /l0 17 
P.L. - .0001 HP 

BEVEL CEAR i 

P.L. - (1.3) (16552)* (2.1)* <.5V 7 /10 17 
P.L. - .00017 HP 


IDLER HELICAL . 

P.L. - (1.5) (16552)* (1.54)* (.5) ,7 /l0 17 
P.L. - .00004 HP 


f 


11 ) 


APPENDIX E 


BEARING 


BEARING 


ROLLER CONE 
SUPPORT 


BALL, DUPLEX 
CONE SUPPORT 


LUBRICATION FAC TOR (REF . 5) 

»(/« 4.)’ 1 (N )' 7 <Po)*-°V\j 

(6.5)(loS (5.5) (10*®) (1146) (.59) (2. 14) > 3.0 

(8) (10*) (55) (10* 8 ) (1080) (.65) 00.9) > 3.0 


APPENDIX F 


L- 


TRANSMISSION RATIO ANALYSIS 
N 0* - OUTPUT SHAFT SPEED, SUN DRIVING - (APM # ) (Rp) 

r p " s; i N r - 40 +°ioo “ * 2857 

RPM, - SUN SPEED - Flywheel RPl^/2.9166 

N 0J - .2857 RPM # 

N or - OUTPUT SHAFT SPEED, RING DRIVING - (RPMy) (R f ) 

» _ M r _ 100 _ 

R r N # + H r 40 + 100 " - 71 ” 

H or - .7142 RPKp 

RPMp » (RPM,) R C 0 HE R &IA* (BEVEL IDLER RATtO) 

- (RPMg) (Rg) (R B ) 

N - OUTPUT SHAFT SPEED 
° * N or “ «o. 

N 0 - (.7143 R c R b • . 2857 ) RPM $ 

R B * 27 ' 59 " - 30U 
j N 0 - (.2154 R g - . 2837 ) RPH, | 


Flywheel RPM 

RPM, 

% 

"“out 

14,000 

4800 

4. 65/. 75 

5038 

21,000 

7200 

4.65/1.426 

3000 

28,000 

9600 

4.65/2.68 

845 
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INPUT PLANETARY 

GEAR DATA 



SUN 

PLANET 

RING 

s 

48 

22 

92 

P T 

20.0 



0 T 

22.5° 



V 

30° 



? N 

23.09 



0H 

19.73° 



C.D. 

1.75 



D 

2.40 

1.10 

4.60 

D 

2.50 

1.20 

4.70 

0 




d r 

2. 2S 

.98 

4.48 

r £ 

.02 

.02 

.02 

t 

.077 

.077 

.079 

F 

.50 

.50 

.$0 


TfbU 11 1 


US 
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APPENDIX J 

_INPUT PLANETARY ASSY POWER DERIVATION 

'•"■“ftp 

AT MEAN CONDITION: 



- 66 IS. LB. 


' in 

S (b s ) (Ho. PLANETS) 

‘ 2 T in 
(2.05X3) 

- .325 T ln 


T pc " ^Te* *PL 


(W l8 ) J25 


" l5 < T in 


Table 12 I 


FLYWHEEL RPH 
28000 
21000 
14000 


lie 



PLANET 

39280 

29830 

19890 


APPENDIX K. 


OUTPUT PLANETARY GEAR DATA 


N 

P T 

0 T 

¥ 

°p 

D o 

°R 

R f 

F 

c 

P N 

H 


SUN 

PLANET 

RING 

40 

30 

100 

20 

22.796° 

* 


30° 

2.00 

1.’500 

5.00 

2.10 

1.60 

4.90 

1.86 

1.36 

5.14 

.03 

.03 

.03 

.50 

.75 

.50 

.077 

.077 

.081 

23.094 

K> 

o 

o 
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APPENDIX L 

OUTPUT PLANET SPEED DERIVATION 

j- 



RPII^. - (RPM f ) |R C > (Rg) • 

- (ATM.) <R C ) (.3016) 

RPMp L - [(.3016) ^R c ♦ lj WM, 
- (.754 R c + l) RPM # 

W «PL 


N^PM # 

9600 

7200 

4800 

5000 

36700 

31901 

27102 

4000 

33204 

28405 

23602 

3000 

29701 

24903 

20102 

1500 

24453 

19654 

14851 

850 

22173 

17374 

12578 


*RPM» - Flywheel RPl^/2.9166 


Table 14 : 




Rf - .2847 

H g » <40/30 + 1) - COS 2 20 - SIN 20 

H s - .2951 

50) (.03) (COS 2 30) f(.2847) 2 + (.2951) 2 ! 




APPENDIX N 


OUTPUT PLANETARY PLANET-RING POWER LOSS FACTOR 





APPENDIX 0 


OUTPUT PLANETARY ASSY POWER DERIVATION 


MM 

rnrsr (*«) 

MOOO HP,, / K \ 

T7755TW^7 


13500 HP„ 


HP r , « T PL *"*«. 

PL wtmw 


13500 HP_ 


(FOR l> PLANETS) 


HP pL - .0536 (HP 0 ) 


APPENDIX P 


OUTPUT PLANET POWER 


/ /rpm pl\ 


15KW (20 HP) 
5000 
4000 
3000 
1500 
850 

30KV (40 HP) 
5000 
4000 
3000 
1500 
850 


28,000 

21,000 

14,000 : 

3.93 

3.42 

2.91 

4.45 

3.81 

3.16 

5.31 

4.45 

3.59 

8.74 

7.02 

5.31 

13.98 

10.96 

7.93 

7,87 

6.84 

5.81 

8.89 

7.61 

6.33 

10.61 

$.90 

7.18 

17.48 

14.05 

10.61 

27.96 

21.91 

15.86 

15.74 

13.68 

11.62 ! 

17.78 

15.23 

12.65 j 

21.23 

17.80 

14.37 j 

34.95 

28.09 

21.23 

55.93 

43.82 

31.73 j 


Table 15 i 


^ m ± . 


i 

APPENDIX P (continued) 


S2KW (70 HP) 


S. 

CAflA 
V V V V 

27,54 

23.94 

20.34 S 

\ 

4000 

31.12 

26.64 

22.14 ; 

* 

3000 

37.15 

31.15 

25.14 


1500 

61.16 

49.16 

37.15 ! 


850 

*97.87 

*76.69 

*55.52 


75KW (100 HP) 





5000 

39.34 

34.20 

29.05 


4000 

44.45 

38.06 

31.63 


3000 

53.07 

44.49 

35.92 


1500 

*87.38 

*70.23 

*53,07 


850 

*139.82 

*109.56 

*79.32 


| 


*NOTE: The values shown do not reflect the limiting 

wheels lip torque of 330 FT. LBS. 
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APPENDIX R 


SPIRAL BEVEL CEAR POWER LOSS FACTOR 


P L - 50 f (COS P + COS r 

r - 5.433° 

* - 3.817° 

Y - 30° 

- 22.5° 

f - oi 


cosv 2 H s 2 + ^ 

) C5TT" H J ^ H t 


H t - .3629 


He “ (Mg 


COS 4 22.5 - SIN 22. 


- COS 4 0 - SIN 9 


Hg - .2955 


2 

P L " (50) (.03) (COS 5.433 + COS 3.817) 7 3629 " + 12955 


P L - .807% 


J -* ,.j 


APPENDIX S 


HELICAL IDLER GEAR DATA 



PINION 

GEAR 

N 

21 

49 

P T 

14.894 


*T 

21.789° 


V 

24.427° 


D P 

1.41 

3.2899 

D o 

1.544 

3.4242 

d r 

1.222 

3.1019 

R f 

.035 

.035 

F 

.50 

.50 

c 

.104 

.103 

P N 

16.358 


h 

20° 


C 

2.350 
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APPENDIX T 



APPENDIX U 


CONE BENDING STRESS 



MEAN CONDlON i 

Rj » RESULTANT LOAD 


a. * b . 

29.35 -4-* 345.6 


345.8 LB. 


H cr • (R^ (I) - (346.8X.472) - 163.8 IN. LB. 

1 - .049 D 4 - (.049M.67) 4 - .0099 tN.4 

„ . He . (163.8X.33J) - 5560 PS1 

S 8 T~ .MW = 


MAXIMUM CONDlON i 

S. • M' e ■= fc! j( c • (2 330X.472X.335) 
B T 1 T .0099 


S. - 37,530 PS1 


1IIMJMMI 






t- (6.43 X10*)(l.S X 10 6 )‘* (498. S)* 9 (2.015)* 6,3 (.722)** 9 
- 2.68 X 10 4 (mr) 

Ljq “ ^(60)^(1 J479/ * 19*020 HOURS (Single eon# life) 



APPENDIX X 


1 ; 



TRACTION ROLLER UfE AT 
MEAN CONDiHoN CREF. i) 


L - K 4 (K 2 )- 9 (Q)‘ J (E) 


-3 /r\-6.J ( R )*’ 9 


K 4 - 6.43 X 10° 
K 2 - 1.3 X 10 6 


Q - 498. 5 LB. 

E * 77725 + 5 + 7717 “ 2,015 
L - <6.43 X 10®) (1.3 X 10 6 )’ 9 (498. S)* 5 (2.015) 


•6.3 


L - 9.36 X 10 J MR 


HOURS 


\ 


\ 

11 ) 


kL 





(2.325)*' 9 


| 


J 


APPENDIX. Y 

TRACTION CONTACT COMPOSITE 
AT MEAN CONDITION 



N - NUMBER OF CONES - 4 
c 

N t - NUMBER OF ROLLERS - 1 
- INDIVIDUAL CONE LIRE, HRS 
H 2 - ROLLER LtrE, HRS. - 5420 

L « 

L c • 2920 HOURS 


I 



LIFE 


-9/10 


. 19020 


1)4 
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APPENDIX 2 (continued) 



* 


52KW (70 HP) 


5000 . 

47.53 

47.53 

47.53 

4000 

59.43 

59.43 

59.43 

3000 

79.24 

79.24 

79.24 

1500 

158.41 

158.41 

158.41 

39.8KM(53.4 Hp) 850 

279.93* 

279.93* 

279,93* 

75KW <100 HP) 




5000 

67.90 

67.90 

67.90 

4000 

64.90 

84.90 

84.90 

3000 

113.20 

113.20 

113.20 

70.4KW<94.3 Hp) 1500 

226.30* 

226.30* 

226.30* 

39.8KW<53.4 Hp) 850 

399.90* 

399.90* 

399.90* 


) 




i 


* THE NUMBERS SHOWN ARE THEORETICAL ONLY. THE MAXIMUM WHEEL 
SLIP TORQUE OF 330 FT. tBS. LIMITS THE CONE TORQUE. 


I 
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APPENDIX M 


SINGLE CONE HORSEPOWER (HP) 


HP - 



j 


7.5KW (10 * f) 


V RP^ , 

► 28.000 

21.000 

14,000 

T° \ 

5000 

3.88 

3.53 

3.19 

4000 

4.22 

3*79 

3.36 

3000 

4.79 

4.22 

3.65 

1500 

7.08 

5.93 

4.79 

850 

10.59 

8.56 

6.54 

15KW (20 HP) 

5000 

7.75 

7.06 

6.58 

4000 

8.45 

7.58 

6.72 

5000 

9.58 

8.44 

7.29 

1500 

14.15 

11.66 

9.58 

650 

21.17 

17.15 

15.07 

50KW (40 HP) 
5000 

15.50 

14.15 

12.75 

4000 

16.87 

15.16 

15.44 

5000 

19.16 

16.67 

14.58 

1500 

28.50 

25.75 

19.16 

850 

42.54 

54.25 

26.15 


Tibi# 19| 


m 




o?:G'NAL page is 

OF POOR QUALITY 

APPENDIX AA (continued) 


52KW (70 HP) 


5000 

27.13 

24. 72 

22.32 

I 

4000 

29.53 

26.52 

23.52 


3000 

33.53 

29.53 

25.52 


1500 

49.53 

41.53 

33.53 


850 

74.10 (56.53) 

59.94 (45.73) 

45.76 (34. 9i: 

75KW (100 HP) 

5000 

38.75 

35.39 

31.69 


4000 

42.18 

37.09 

33.60 


3000 

47.90 

62.10 

36.46 


1500 

70.63(86.69) 

59.32(55.91) 

47.90 

(45.15! 

850 

105.85(56.53) 

05.63(45.73) 

65.37 

(34. 9i: 


NOTE: THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. US. LIMITS 

THE CONE HORSEPOWER TO THE VALUES IN PARENTHESIS . 
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APPENDIX BB 


TOTAL CONE HORSEPOWER (HP) ! FOUR (4) CONES 


7 ♦ 5KW (10 HP) 


\ *"VI — * 
RPM„ \ v 

J N 

24,000 

21,000 

14,000 

5000 

15.52 

14.12 

12.76 

4000 

16.99 

15.16 

13.44 

3000 

19.16 

16.99 

14.60 

1500 

24.32 

23.72 

19.16 

950 ‘ 

42.36 

34.24 

26.16 

15KW (20 HP) 

5000 

31.00 

29.24 

25.52 

4000 

33.72 

30.32 

26*65 

3000 

38.32 

33.76 

29*16 

1500 

56.60 

47.44 

38.32 

950 

84.66 

69.52 

52.26 

30KW (40 HP) 

5000 

62.00 

56.56 

51.00 

4000 

67.49 

60.64 

53.76 

3000 

76.64 

67.49 

59.32 

1500 

113. 20 

94.92 

76.64 

950 

ftbi* }0l 

169.36 

139 

137.0 

104.6 
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APPENDIX BB (continued) 




52KW 

5000 

(70 HP) 

108*5 

98.88 

89.28 

4000 


118*1 

106.1 

94.08 

3000 


134.1 

118.1 

. 102.1 

1500 


198.1 

166.1 

134.1 

aso 


298.4(226.1) 

239.8082.9) 

183(139.6) 

75KW 

5000 

(100 HP) 

155.0 

141.6 

127.6 

4000 


168.7 

151.6 

134.4 

3000 


191.6 

168.7 

145.8 

1500 


282.5(266.8) 

237.3(223.6) 

191.6(180.6) 

850 


423.4(226.1) 

342.5(182.9) 

261.5(139.6) 


NOTE i THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. LBS. LIMITS 
THE CONE HORSEPOWER TO THE VALUES IN PARENTHESES (). 



APPENDIX CC 


CONE NORMAL LOAD (LB.] 


30KW (40 HP) 
5000 
4000 
3000 
1500 
#50 


28,000 

21,000 

14,000 

156.20 

189.82 

256.95 

170.11 

203.67 

271.03 

193.09 

226.81 

294.03 

285.34 

318.98 

386.01 

426.81 

460.53 

527.99 

312.40 

379.65 

513.91 

340.21 

407.34 

542.06 

386.18 

436.62 

588.05 

570.67 

637.96 

772.02 

853.62 

921.06 

1055.93 

624.80 

759.30 

1027.81 

680.42 

814.68 

1084.12 

772.37 

907.23 

1176.10 

1141.34 

1273.92 

1544.05 

1707.24 

1842.11 

2111.96 

1093.40 

1326.77 

1798.68 

1190.74 

1425.69 

1897.21 

1351.64 

1367.66 

2058.18 

1997.35 

2234.66 

2702.09 

2987.99 

(2273.33) 

3224.04 

(2452.93) 

3696.33 

(2812.25) 


Tftbl* 211 
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APPENDIX CC (continued) 


75KW (100 HP) 


5000 

1562.00 

1898.24 

4000 

1701.06 

2036.70 

3000 

1930.92 

2268.08 

1500 

2853.36 

3189.79 

(2685.66) 

(3002.32) 

S50 

4268.10 

4605.28 

(2273.33) 

(2452.93) 


2569.54 

2710.30 

2940.26 

3860.13 

(3633.26)' 

5279. 90 * 
(2812.25) 


NOTE! THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. LB. 
LIMITS THE CONE NORMAL LOAD TO THE VALUES 
SHOWN IN PARENTHESES. 


Table 21 i continued 
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APPENDIX DD 


CONE BEARING LOSS 
(4 cones) 


09.8 kv) 


7.5 KV (10 HP) 

rpm 0 \ rp^-^s , 000 

21,000 

14 , 000 

5000 N 

.394 

.383 

.420 

4000 

.260 

.360 

.310 

3000 

.266 

.342 

.250 

1500 

.320 

.340 

.230 

850 

.390 

.311 

.242 

15 KW (20 HP) 
5000 

.720 

.700 

.680 

4000 

.460 

.510 

.600 

3000 

.480 

.500 

.560 

1500 

.760 

o 

o 

.540 

850 

.950 

.600 

.580 

30 KW (40 HP) 
5000 

1.240 

1.368 

1.840 

4000 

.960 

1.160 

1.640 

3000 

1.158 

1.206 

1.510 

1500 

2.140 

1.670 

1.550 

850 

2.737 

2.295 

1.573 

52 KW (70 HP) 
5000 

2.66 

3.32 

4.60 

4000 

2.20 

2.60 

3.92 

3000 

2.54 

2.75 

3.70 

1500 

4.44 

4.15 

3.71 

650 (53.4 HP) 

6.50 (4.3) 

5.55 (3) 

3.82 (1.9) 

75 KV (100 HP) 
5000 

4.31 

5.46 

8.10 

4000 

3.83 

4.34 

6.37 


Tabla 22l 


APPENDIX DD 


CONE BEARING LOSS (CONTINUED) 


(4 CONES) 


)000 A. 13 A. 47 

(90KW) 1500 (94. 3 HP) 6.45 (6.4) 6.20 (4.8) 

(39.8KW) 850 (53.4 HP)ll.ll (4.3) 9.29 (3) 


( ) WHEEL SLIP TORQUE LIMITED VALUES. 


Table 22: Continued 
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APPENDIX EE 


SPIN VELOCITY DERIVATION 

D, 


RPK. 


TANGENTIAL VELOCITY 
Flyvheel RPt^/2.9166 


<RPM s ) 



roll • (RPM # ) 

>>- .00618 (RPM 8 ) M/SEC 

M -^Vl 
s a 

AVI - w c (r 1 J-(w r )r Ko11 


AVI - Vf (R 


c( R cone + « TANK 


)*( W r)*Ro11 

« - (CONE ANGLE)/ 2 

W s - w c <* CQne » « tank) - (W R ) r R oII 


cone + a TAN#<. 


21000 

7200 


a 

W » R 
c 

R cone fc R roll/R 


V* RAD 
Ro11 SEC 


1005 754 

V (M/SEC) 59.37 44.53 


W s " 
14000 
4800 

503 

29.69 


cK) 

'ro 

(”»> 


c 

’AN K 


W s - (RAD/SEC) - (R c )(W roU ) TAN. 


RPM RFM 
o * s 

5000 

4000 

3000 

1500 

850 


9600 

612 

533 

454 

335 

264 


7200 

558 

479 

400 

281 

230 


4800 

504 

425 

346 

227 

176 


Table 23 
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APPENDIX FF 


J 6 » DIMENSIONLESS SPIN TORQUE FACTOR (REF. 1 ) 


7.5 iCW (10 HP) 

RPH \> s RPH n -»2 8 , 000 

21,000 

14,000 

5000 

.009 

.007 

.004 

4000 

.008 

.0065 

.0035 

3000 

.007 

.006 

.0028 

1500 

.0065 

.005 

.0022 

$50 

.006 

.004 

.002 

15 KW (20 HP) 
5000 

.012 

.009 

.006 

4000 

.010 

.008 

.0045 

3000 

.009 

.007 

.0038 

1500 

.008 

.006 

.0032 

850 

.0075 

.005 

.0027 

30 KW (40 HP) 
5000 

.014 

.010 

.007 

4000 

.013 

.009 

.006 

3000 

.012 

.008 

.005 

1500 

.ou 

.007 

.004 

850 

.010 

.006 

.0035 

52 KW (70 HP) 
5000 

.016 

.012 

.008 

4000 

.015 

.011 

.007 

3000 

.014 

.009 

.006 

1500 

.013 

.008 

.005 

850 

.012 

.007 

.004 

75 KW (100 HP) 
5000 .019 

.015 

.0085 

4000 

.018 

.012 

.0075 

3000 

.017 

.010 

.006S 

1500 

.016 

.009 

.0055 

850 

.015 

.008 

.0045 


Table 24* 


146 


appendix go 


TRACTION LOAD DETERMINATION 


KEAN CONDITION : 

HP - 22 HORSEPOWER 
out 

RPM out - 3000 RPH 
T. • (HP«„ t > (63000) 


- 462 in. lb. 


T - (T_) (Rp) - (462) (.285?) - 132 in- lb- 
sun o 

T rlng - (T 0 )(l*Rp) - (462) (1-. 2857) - 330 in lb. 
W = < T ri«g> (R B> * (330X.3016) - 90.5 in. lb. 


FOR 4 CONES: 


iiii. - 24.88 in. lb. /cone 


W T -JL - /TTT^ " 34- 9 lbs * 
T cone R^ ne <1® 


“ Hi ” 21:9 . 498.5 lbs. 


MAXIMUM CONDITION : 

HP out - 100 HP 

T - 330 FT. LB. - 3960 IN. LB. 

RPM - 100 x 63025/3960 - 1592 RPM 

RPMj n - 14,000 RPH 


Tfe - + - 2857 ' K + - 2857 - 2 - 866 

» TTTX 


147 


APPENDIX GC 


TRACTION LOAD DETERMINATION (CONTINUED) 


D c - 4.65/R c - 4.65/2.866 - 1.622 In. 

R?M C - R c RPMjj • 2.866 (4800) - 15757 RPH 

T rlng * T o <l *V “ 3960 (1 * * 2857) " 2829 IN * LB - 
T con* ‘ T ring R B " 2829 (-3016) « 855 IN. LB. (4 cone*) 


PER CONE: 


T cone ’ 853/4 * 213 1N * LB * 


\one " h “ Igone = 215 


/* b c /t T757I 


5750 LB. 


APPENDIX HH 


TRACTION POWER LOSS (HP. FOR 4 CONTACTS) ( REFERENCE 2) 
POWER LOSS - (,Q15) J 7/ J 4 <H? c* 

<TT 


7.5 KW <10 HP) 


RPmVrpH * 28,000 

21,000 

14,000 

1° \ 

5000 X .25 

.23 

*21 

4000 

• 27 

.25 

.22 

3000 

.31 

.27 

.24 

1500 

.46 

.38 

.31 

850 

.69 

.56 

.42 

15 KW (20 HP). 

5000 .50 

.46 

.41 

4000 

.55 

.49 

.44 

3000 

.62 

.55 

.47 

1500 

.92 

.77 

.62 

850 

1.37 

1.11 

.85 

30 KW (40 HP) 

5000 1.00 

.91 

.83 

4000 

1.09 

.98 

.89 

3000 

1.24 

1.10 

.94 

1500 

1.83 

1.54 

1.24 

850 

2.74 

2.22 

1.70 

52 KW (70 HP) 

5000 1.75 

1.60 

1.45 

4000 

1.91 

1.72 

1.55 

3000 

2.17 

1.92 

1.65 

1500 

3.21 

2.69 

2.17 

850 

4.80 (3*69) 

3.89 (2.99) 

2.97 (2.24) 

75 KW (100 HP) 

5000 2.50 

2.80 

2.07 

4000 

2.73 

2.45 

2.22 


Table 25 i 


APPENDIX HH 


TRACTION POWER LOSS (HP. FOR 4 CONTACTS) (REFERENCE) (CONTINUED) 

» * * /tt« \ 

POWER LOSS - (.01?) Z111& xn *c* 

<r 

3000 3.10 2.74 2.36 

1500 4.58 (4.33) 3.84 (3.58) 3.10 (2.92) 

850 6.86 (3.69) 5.55 (2.99) 4.24 (2.24) 

NOTE: THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. L8S LIMITS 

THE POWER LOSS TO THE VALUES SHOWN IN PARENTHESES. 
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APPENDIX II 


CONTACT ELLIPSE DIMENSIONS, a/b (IN.] 


b g 

28.000 


21.000 


14,000 


7.5 KW IIP HP 


5000 

4000 

3000 

1500 

850 

15 KW 120 HP) 
5000 
4000 
3000 
1500 
850 


. 0456/. 0101 
. 0462/. 0109 
. 0478/. 0122 
. 0531/. 0155 
. 0601/. 0188 

. 0574/. 0127 
. 0581/. 0138 
. 0600/. 0153 
. 0670/. 0195 
. 0757/. 0237 


»/b in. 


. 0492/. 0098 
. 049 9/. 0108 
. 0508/. 0120 
. 0556/. 0155 
. 0618/. 0188 


30 KW 

(40 HP ) 



5000 


. 0723/. 0160 

. 0780/ .0157 

4000 


. 0733/. 0174 

. 0793/. 0171 

3000 


. 0758/. 0193 

. 0806/. 0191 

1500 


. 0843/. 0246 

. 0884/. 0246 

850 


. 0953/. 0299 

. 0981/. 0299 

52 KW 

(70 HP ) 



5000 


. 0872/. 0192 

. 0941/. 0189 

4000 


• 0884/. 0209 

. 0956/. 0207 

3000 


. 0914/. 0233 

. 0972/. 0230 

1500 


. 1017/. 0296 

. 1067/. 0297 

850 


. 1147/. 0360 
(. 1047 /. 0329 ) 

. 1183/. 0360 
(. 1079 /. 0328 ) 

• 

Table 26 l 




. 0507/. 0086 
. 0561/. 0105 
. 0566/. 0118 
. 0600/. 0153 
. 0656/. 0188 

' *. F . 

. 0702/. 0120 
. 0708/. 0132 
. 0713/. 0148 
. 0758/. 0193 
. 0825/. 0236 

. 0886/. 0151 
. 0892/. 0167 
. 0900/. 018 7 
. 0955/. 0244 
. 1041/. 0298 

. 1068/. 0182 
. 1073/. 0201 
. 1085/. 0226 
. 1150/ .0293 

. 1253/. 0359 
(. 1145 /. 0328 ) 
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APPENDIX II 


C ONTACT ELLIPSE DIMENSIONS, a/b (IN.) I REF. 6) (CONTINUED) 


75 KW (100 HP) 


5000 

.0980/. 0216 

.1060/. 0213 

.1201/. 0205 

4000 

.0995/. 0236 

.1075/. 0232 

.1210/. 0226 

3000 

.1028/ .0262 

.1096/. 0259 

.1222/. 0254 

1500 

. 1145/. 0334 
(.1121/. 0327) 

.1200/. 0334 
(.1177/. 0327) 

.1295/. 0330 
(.1269/. 0324) 

850 

.1292/. 0405 
(.1047/. 0329) 

.1332/. 0405 
(.1079/. 0328) 

.1412/. 0404 
(.1145/. 0328) 

NOTE: 

THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. LB LIMITS 
" b/a " TO THE VALUES SHOWN IN PAXENTHESES. 
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APPENDIX JJ 


g (REF. 6) 


\ W» n * 

28,000 

^ » AAA 

c l,V/UV 

14,000 

RPH \ 

r 

7.5 KW (10 HP) 
5000 

.0190 

.0193 

.0197 

4000 

.0201 

,0205 

.0201 

3000 

.0218 

.0221 

.0227 

1500 

.0264 

.0268 

.0274 

850 

.0312 

.0315 

.0322 

15 KW (20 HP) 
5000 

.0239 

.0243 

.0248 

4000 

.0253 

.0259 

.0265 

3000 

.0274 

.0281 

.0286 

1500 

.0333 

.0338 

.0346 

850 

.0393 

.0397 

.0405 

30 KW (40 HP) 
5000 

.0301 

.0306 

.0313 

4000 

.0319 

.0326 

.0334 

3000 

.0346 

.0351 

.0361 

1500 

.0419 

.0426 

.0436 

850 

.0495 

.0500 

.0511 

52 KW (70 HP) 
5000 

.0363 

.0369 

.0377 

4000 

.0385 

.0393 

.0402 

3000 

.0417 

.0423 

.0435 

1500 

.0505 

.0514 

.0525 

850 

.0596 (.0544) 

.0603 (.0550) 

.0615 (.0562) 

75 KW (100 HP) 
5000 

.0408 

.0416 

.0424 

4000 

.0433 

.0442 

.0453 


Tab I# 271 
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APPENDIX JJ 


g (REF . 6) (CONTINUED) 


3000 

.469 

.0477 

1500 

.0569 (.0557) 

.0578 (.0567) 

850 

.0671 (.0544) 

.0679 (.0550) 

NOTE: 

THE MAXIMUM WHEEL SUF 
’•ft" TO THE VALUES SHOWN 

TORQUE OF 330 FT. LB. 
> IN PARENTHESES. 


0490 

0591 (*0579) 
0693 (.0562) 

LIMITS 


Table 27 ; 
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APPENDIX KK 


ELASTOtffDRODYNAMIC 
(EHD)FILM THICKNESS AT 

TRACTION CONTACT (REF. 7) 


AT KEAN CONDITION: 


77525 T77j 


*2 * — i— 


575 + « 


.87 x 10* 6 AT 176°F 


< - 1.5 x 10* 


U 1 + u 2 


*(4.65)<7200> = 175J IN . /SEC . 


Q - 498.5 LB. 


! M + mfj M (•*’ 


x 10* 6 x 1.5 x 10" 4 x 1753 s ! 


39.6 /i In. 


h * 39.6 JU in. 


'--(«£*♦ <5* )' s -(‘ , *‘ 1 )-’ 

b/r- 39.6/8.49 . 4.66 


155 


APPENDIX KK 


EHD FILM THICKNESS AT 
TRACTION CONTACT (REF. 7) 


(CONTINUED) 


AT MAXIMUM CONDITION: 


2.325 75H 


.607 IN. 


Rj - 5.0 IN. 


Q - 3750 LB. 


u t + u 2 T(4.65) (4800) - 1169 IN. /SEC. 


h - 2.04 


(' * ('*’ 


I0' 6 x 1.5 x 10 -4 x 1169V 74 


^. 607 ^ 


-407 rp-£-\ 


,6 v.074 


27.8^ In. 


h - 27.8/<IN. 


h/r « 27.8/8.49 - 3.27 


APPENDIX LL 


HERTZIAN 

TRACTION CONTACT STRESS 
(REF. 6) 


MEAN CONDITION: 


*Al 

R A2 


498.5 LB. 
2.255 IN. 

5.0 IN. 
1.426 


B1 " 

R B2 " °° 

g - .00459 


/ 12 


cos 9. 24 w ) - .722 IN. 


/ 498.5 \ l/3 

(^77573 + 5 + 777y 


.0288 


cost-- 


27T2T 
T 


775 


1 

7777 


.8015 


7773“ * 370 + 7777 


A* - 2.300 
p - .543 

I 

b =* • (2.300H.0287) - .0662 

a - yg - (. 543) (.0287) - .0156 

ASPECT RATIO - .0662/. 0156 - 4.24 

S max “ (lV)^7C662ff;0156^ “ 230 * 480 ?St (MEAN) 

MAXIMUM CONDITION : 

? - W N - 3750 LB. 
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APPENDIX LL 




■ 2.208 
• if - . 566 

b -ycg - 2.208 (.0581) • .1283 
» - >>g - 0.556 (.0581) - .0323 

ASPECT RATIO • .1283/. 0323 • 3.972 

S ®»* " I* TnT53HTWI3T “ 02,060 PS1 (MAX> 



appendix mm 


EXAMPLE: TRACTION LOSS CALCULATION 


From Reference 1 , page 15. 

Loss factor - Y7r_ . fir . 2 . / power loss \ 

v power inputy 

Power Loss - Loss factor (8) (power input^3 
Loss factor x J^/J^ 

Power Loss - .849 (power Input) 

~ rT (s) 

For four contacts, and assuming m/^ » 220 
Power loss - .015 <J ; /J 4 ) (power Input) 

W 

•V J 4 “^6 x J ^ + ( , 4 x J lj <*«*• !• PH* 15) 


) Jr a Au 


a Au er- 

M U * 1* 


J, - ~T’A 


Assuming • .016 
- 4.15 fT- 6.30 


(Slip Factor, Ref. l , page 9) 


k • aspect ratio of Herttlan contact - 4.0 
J 3 * igt.Jg , K.* *•*> tsfV' (Spin Factor, Ref. 1 , page 9) 

for W* • 600 rad/ssc. (Spin Velocity) 
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APPENDIX KM 


EXAMPLE; TRACTION LOSS CALCULATION (CONTINUED) 


and U ■ 60 in/ ScC 


(Velocity) 


and eince k - a/b 


J 3 * 2592 b 


For b * .0013 m 


J 3 * 3.37 


J,/J 3 - 8.30/3*37 - 2.46 
From Reference 1, page 30 t 


J 4 - 1*0 

From Reference 1 , page 33 1 
J 6 - .06 

V J 4 “ J 6 x J 5 + J 4 x J 1 


• .06 x 3 . n * i-o » yo 


- 8.50 

Therefore, 

Power Loti • .015 (6.50) (power Incut 1 

4T 

Pover lot* • .066 (power input) 
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APPENDIX NN 


V J 4 - 


J 7 / J* 

LOSS FACTOR (REF. 1 ) 
J 6 ' J 3 * J 4 ' J 1 

j- 


I 



RP V 


28,000 


21,000 14,000 


RPM 0 \ 




5000 

8.78 

9.32 

10.22 

4000 

8.44 

9.09 

9.70 

3000 

8.21 

8.44 

9.23 

1500 

7.71 

7.78 

8.21 

850 

7.47 

7.60 

7.69 


u> 





1 

d 


Tftbl* 29 1 


APPENDIX 00 


DIMENSIONLESS SLIP FACTOR <Ref.l) 

J i • (HO!)fe) r 

* - (w <220)<.O16)4F- 4.15ir 



5000 

4000 

3000 

1500 

850 


9500 

7200 

4800 

8.82 

9.24 

10*05 

8.54 

8.92 

9.59 

8.21 

8.54 

9.09 

7.68 

7.86 

8.22 

7.42 

7.52 

7.75 


Table >9i 


APPENDIX PP 


* 

\ 


DIIENS IONLESS SPIN FACTOR (REF. 1) 


(V) <, ”>(¥)H <r ' 


J 3 - A. 366 W # • b 
J 3 - 3.275 W # • b 
J 3 - 2.183 W s . b 


(AT 28,000 my 
(AX 21,000 RPM n ) 
(at lA.ooo my 


(b i» 

In ta«ter<) 



7.5 KW (10 HP) 




5000 \ 

. 28,000 
3.09 

21,000 

2.24 

14.000 

1.42 

4000 

2.73 

1.99 

1.32 

3000 

2.41 

1.69 

1.09 

1500 

1.97 

1.30 

.76 

850 

1.89 

1.18 

.64 

15 KW (20 HP) 




5000 

3.90 

2.87 

1.96 

4000 

3.43 

2.51 

1.67 

3000 

3.02 

M3 

1.37 

1500 

2.49 

1.64 

.95 

830 

2.38 

1.49 

.81 

30 KW (40 HP) 




3000 

4.91 

3.62 

2.48 

4000 

4.33 

3.16 

2.10 

3000 

3.82 

2.68 

1.73 


T«bU JO t 
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T*bl« SOi (Continued) 
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APPENDIX QQ 


v 

RPmNsRPH 

5000 ^ 

40Q0 

3000 

1500 

850 


5000 

4000 

3000 

1500 

850 


5000 

4000 

3000 

1500 

850 


5000 

4000 

3000 

1500 

850 


* 

» 4 


T4bU 31 


14,000 
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APPENDIX QQ 

1/3 

g/(W M ) (REF. 6>* (CONTINUED) 
— 

W " 



— * 28,000 

21,000 

14,000 

5000 

.530 

.512 

00 

4000 

.544 

.526 

.499 ' ! 

3000 

.559 

.544 

.519 ! 

1500 

.587 

.577 

.559 

850 

.604 

.597 

.583 I 


Teble 31 i (Continued) 



APPENDIX RR 




RPM # - Flywheel RP1^/2.9166 

Flywheel RPHfj > 28,000 21,000 14,000 

RPM a » 9,600 7,200 4,800 


l 

! 

i 

i 


i 

t 


j 

» 

j 


UbU Ut 


i 

U9 
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APPENDIX SS 


BEARING AND GEAR 
COMPUTER DATA. 
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APPENDIX H 


SYMBOL 


SYMBOLS 

DES CRIPTION 

proportion*! 

BMiure of change 

Traction Coefficient or Hicro(UlO~®) 

Infinity 

Centigrade 

Cone Speed 

Contlnously Variable Transalselon 
Electric vehicle 


Frequency 


Horsepower 

Herts (Cycles/Seconds) 

Input to Output Buffer Circuit 

Angle (Degrees) 

Joules 

Kilowatts 

uia) 


Pounds 
Kilo gratae 

Hatora or Hill! <1x10* J > 


|ikj 


V ~ 
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APPENDIX TT 

SYMBOLS (CONTINUED) 

SYMBOL 

DESCRIPTION 

MPU 

Microprocessor Unit 

N 

Newton* 

n 

Nano <lxl<f 9 ) 

OTC 

Optimized Traction Control 

P 

Pressure 

PC V 

Pressure Control Valve 

PT 

Pressure Transducer 

TPC 

Traction Pressure Control 


Rockwell Hardness Scale "C" 

R c 

Roller/Cone Ratio 

ROM 

Read Only Memory 

RPM or K 

Revolutions Per Minute 

Ri 

Roller Speed 

Sp or u 

Slip 

T 

Torque 

t 

Time 

T r 

Traction Force 

SI 

Speed 

V 

Velocity or Volte 

v « 

Surface Velocity of Cone 

v * 

Surface Velocity of Roller 

W o 

Normal toad 



